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PREFACE 

This F i n a l  Report conta ins  t h e  r e s u l t s  of work perforced dur ing  t h e  

period of 1 June 1973 t o  31 October 1975 under Phase B of Contract  

NAS8-27809. The achievements a r e  der ived from a cooperat ive  resea rch  

e f f o r t  between t h e  Space Sciences Laboratory of NASAIMarshall Space F l i g h t  

Center and The Univers i ty  of Alabama i n  Huntsv i l l e  us ing t h e  MSFC drop 

taTer and t h e  f a c i l i t i e s  of t h e  Space Sciences Laboratory. 

The i n v e s t i g a t i o n  d e a l s  wi th  t h e  e l e c t r i c a l  and m e t a l l u r g i c a l  prop- 

e r t i e s  of immiscible a l l o y s  s o l i d i f i e d  dur ing f r e e - f a l l  condi t ions .  

Although t h e  low-gravity dura t ion  ic t h i s  i n s t a l l a t i o n  is l imi ted  t o  

four  seconds, neaningful  s o l i d i f i c a t i o n  experiments w i t h  immiscible a l l o y s  

can be performed. This r e p o r t  a l s o  d e a l s  wi th  two Skylab Science Demon- 

s t r a t i o n s  : TV-102 "Immiscible Liquids'' and TV-111 "Ice  Melting ." These 

experiments were no t  p a r t  of t h e  o r i g i n a l  c o n t r a c t  but  provided an oppor- 

t u n i t y  t o  s tudy longer  term low-gravity e f f e c t s .  

Resul ts  of dork performed during t h e  pe r iod  of 1 Ju ly  1971 t o  

31 May 1973 a r e  presented i n  t h e  UAH In te r im Research Report No. 174, 

e n t i t l e d  "Superconduct ing Compounds and Alloys Research. " 
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OBJECTIVES 

The o b j e c t i v e s  of t h i s  con t rac t  were (1) t o  demonstrate t h a t  t h e  

a v a i l a b l e  f r e e  f a l l  time of up t o  4  seconds i n  t h e  MZFC drop tower is  

s u f f i c i e n t  t o  conduct s o l i d i f i c a t i o n  exper inen t s  wi th  i m i s c i b l c  a l l o y s ,  

(2 )  t o  show t h e  in f luence  of zero-gravi ty  s o l i d i f i c a t i o n  on t h e  meta l lurgi -  

c a l  mic ros t ruc tu re ,  (3) t o  eva lua te  some phys ica l  p r o p e r t i e s  of such a l l o y s  

i n  regard  t o  t h e i r  mic ros t ruc tu re ,  and (4)  t o  show t h a t  t h e r e  is  a  gravi-  

t a t i o n a l  in f luence  on t h e  coalescence r a t e  of l i q u i d  d r o p l e t s .  

ACHIEVEMENTS 

1. Performed meaningful s o l i d i f i c a t i o n  experiments w i t h  Ga-Bi immiscible 

a l l o y s  i n  a  drop-tower. 

2. Prepared homogeneous d i spe r s ions  of immiscible meta ls  i n  bulk  form. 

3. Demonstrated t h a t  t h e  mic ros t ruc tu re  in f luences  t h e  phys ica l  p r o p e r t i e s  

of t h e  a l l o y s .  

4. Showed t h a t  t h e  e l e c t r i c a l  p r o p e r t i e s  of  G a - B i  a l l o y s  a r e  a f f e c t e d  by 

low-gravity s o l i d i f i c a t i o n  s o  t h a t  a  peak i n  t h e  r e s i s t i v i t y  occurs ,  

and semiconducting p r o p e r t i e s  r e s u l t .  

5. Establ ished a  c o r r e l a t i o n  of t h e  p roper ty  change wi th  t h e  p a r t i c l e  s i z e  

and i n t e r f a c i a l  a r e a  of t h e  d i spe r san t  and p r e d i c t  f u l l  semiconducting 

behavior of Ga-Bi a l l o y s  wi th  p a r t i c l e s  of 0 . 1  Pm diameter and l e s s .  

6 .  Found t h a t  coalescence and creaming a r e  e s s e n t i a l l y  e l imina ted  i n  zero- 

g r a v i t y ,  whereas these  processes  a r e  dominant i n  one-gravity.  

7.  Eight pub l i ca t ions  and s i x  repor t s .  

iii 



ABSTRACT 

When dispersed o r  mixed i m i s c i b l e s  a r e  s o l i d i f i e d  on e a r t h ,  a 

l a r g e  amount of separa t ion  of t h e  c o n s t i t u e n t s  t a k e s  p lace  due t o  

d i f f e r e n c e s  i n  d e n s i t i e s .  However, when t h e  immiscibles a r e  d i spe r sed  

and s o l i d i f i e d  i n  zero-gravi ty ,  d e n s i t y  separa t ion  o r  creaming does not  

occur,  and homogeneous composite a l l o y s  can be  formed wi th  many new and 

p ~ o m i s i n g  p roper t i e s .  By measuring t h e  e l e c t r i c a l  r e s i s t i v i t y  and t h e  

superconducting c r i t i c a l  temperature of zero-gravity processed G a - B i  

samples, i t  has  been found t h a t  t h e  e l e c t r i c a l  p r o p e r t i e s  of such 

m a t e r i a l s  a r e  d i f f e r e n t  from t h e  bas ic  c o n s t i t u e n t s  and t h e  ground- 

c o n t r o l  samples. The degree of d i s p e r s i o n  c r i t i c a l l y  c o n t r o l s  t h e  tempera- 

t u r e  dependence of the  e l e c t r i c a l  r e s i s t i v i t y  wi th  t h e  f i n e s t  d i s p e r s i o n s  

showing the  g r e a t e s t  impact. Our r e s u l t s  i n d i c a t e  t h a t  t h e  changes i n  

b a s i c  p r o p e r t i e s  a r e  a ssoc ia ted  wi th  t h e  amount of i n t e r f a c i a l  a r e a  

formed . 
To i l l u s t r a t e  the  behavior of immiscible l i q u i d s  of d i f f e r e n t  densi -  

ties i n  zero-gravity and t o  determine the  r a t e  of coalescence of l i k e  

d r o p l e t s ,  a demonstrat ion experiment (TV-102) was performed on the  Skylab 4 

mission. Dispersions of oil- in-water and of water- in-oi l  were prepared 

by t h e  a s t r o n a u t s  and t h e i r  appearance photographed over a t ime span of 

10 hours. The experiment i n d i c a t e s  t h a t  a l l  emulsions were s t a b l e  over 

t h i s  period and t h a t  the  coalescence r a t e  was a t  l e a s t  3 x lo5 t imes 

smal ler  on Skylab than on e a r t h .  

The recorded melt ing of a c y l i n d r i c s l  p iece  of i c e  on Skylab 3 (TV-111) 

is used t o  s tudy the  mode of hea t  t r a n s f e r  f o r  t h e  l a t e n t  hea t  of mel t ing 

i n  low-gravity . 
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NASA 
Code - 

Nomenclature and Reference Data f o r  Gall iuwBismuth Samples 

Gravity 
Level ( ' g ' )  

Soak Temp. 
("C) 

Cooling Rate 
("C/sec)*- 

Av. P a r t i c l e  
Diam. (pm) 

Mean Standard 
Deviation ( pm) 

* Cooling r a t e  determined on o u t s i d e  of tantalum con ta ine r .  The cool ing 
r a t e  i n s i d e  t h e  samples w i l l  be l e s s .  

Remarks: In e a r l i e r  pub l i ca t ions ,  l i k e  Ref. [32] ,  sample (2-4) is  c a l l e d  
(A), (5-6) = (B)  , (9-2) = ( C )  and (1-3) = (D). 



I. INTRODUCTICN 

A t  t h e  boundary of two phases  m a t t e r  shows p r o p e r t i e s  which a r e  

d i f f e r e n t  from those  of t h e  con t inuous  phase.  The f r e e  energy ,  e n t r o p y  

and volume of molecules  forming an  i n t e r f a c e  between two l i q u i d s  a r e  modi- 

f i e d  and d i f f e r  from t h e  co r r e spond ing  p r o p e r t i e s  of t h e  same molecules  

i n  t h e  pu re  l i q u i d .  O r d i n a r i l y ,  t h e  c o n t r i b u t i o n  of t h e  f r e e  s u r f a c e  

energy  t o  t h e  totz.1 f r e e  energy is n e g l i g i b l e .  However, i n  d i s p e r s e d  

immisc ib le  sys tems,  t h e  r a t i o  of t h e  s u r f a c e  t o  volume can  be l a r g e , a n d  

t h e  1-ulk p r o p e r t i e s  of  such  a  s o l i d i f i e d  a l l o y  w i l l  be modi f ied  t o  a  l a r g e  

e x t e n t  by i n t e r f a c e  e f f e c t s  [ I ] .  

A r e c e n t  s tudy  of  e x i s t i n g  phase didgrams [ 2 ]  r e v e a l e d  t h a t  t h e r e  a r e  

abou t  500 b i n a r y  a l l o y  sys tems composed of two m e t a l s  o r  m e t a l l i c  o x i d e s  

showing i m m i s c i b i l i t y  i n  t h e i r  l i q u i d  s t a t e  and demonst ra ted  t h a t  t h e  

phenomenon of i m m i s c i b i l i t y  is  r a t h e r  common. But ,  s i n c e  t h e  two l i q u i d s  

u s u a l l y  have d i f f e r e n t  d e n s i t i e s ,  g rav i ty- induced  s e g r e g a t i o n  a f t e r  t h e  

d i s p e r s i o n  w i l l  occur ,and  t h e  two components f i n a l l y  s e p a r a t e  by creaming 

o r  by coa l e scence .  The t imes  f o r  s e g r e g a t i o n  can be  very  s h o r t  and a r e  

i n  t h e  o r d e r  o f  seconds  f o r  common m a t e r i a l  sys tems [ 3 ] .  

I n  e a r t h  o r b i t ,  however, d e n s i t y  d i f f e r e n c e s  of  t h e  l i q u i d  components 

are no longer  impor t an t ,  and homogeneous d i s p e r s i o n s  of t h e s e  immisc ib les  

can be ob ta ined  which a r e  s t a b l e  o v e r  1 l ong  pe r iod  of t ime.  The absence  

of  d e n s i t y  s e g r e g a t i o n  -1lows p r ~ c e s s i n g  and s o l i d i f i c a t i o n  of immisc ib le  

a l l o y s  w i t h  new m a t e r i a l s  sys tems,  which cannot  be  maae on e a r t h  because  of 



rapid  separa t ion .  These low-gravity processed immiscibles may have a 

wide range of a p p l i c a t i o n s ,  a s  i n  d ispers ion-s t rengthened o r  super- 

p l a s t i c  a l l o y s ,  snperccnducting wi res ,  permanent magnets, bea r ing  mate- 

r i a l s  o r  c a t a l y s t s  t o  g ive  a l i s t i n g  of TRW [2] .  In a d d i t i o n ,  m a t e r i a l s  

i n  high-power swi tches  could be devised wi th  immiscible a l l o y s  whe. c one 

component a c t s  a s  cu r ren t  c a r r i e r  and t h e  o t h e r  a s  t h e  wear - res i s t an t  

base.  

The na tu re  of t h e  repor ted  i n v e s t i g a t i o n s  is t o  determine t h e  i n f l u -  

ence of low-gravity processing on t h e  e l e c t r i c a l  and phys ica l  p r o p e r t i e s  

of immiscible a l l o y s .  The p r i n c i p l e  of f r e e  f a l l  s o l i d i f i c a t i o n  h a s  been 

v e r i f i e d  by cool ing Ga-Bi a l l o y s  through t h e  m i s c i b i l i t y  gap dur ing t h e  

4 seconds of f r e e  f a l l  i n  t h e  MSFC drop tower [ 2 ,  41.  From t h e  mul t i tude  

of p o t e n t i a l  experimental  i n v e s t i g a t i o n s  t h a t  could be conducted [5]  , we 

have l i m i t e d  ourse lves  t o  aetermining some of t h e  phys ica l  processes  

a ssoc ia ted  wi th  low-gravity s o l i d i f i c a t i o n  and t h e  e l e c t r i c a l  p r o p e r t i e s  

of such s o l i d i f i e d  immiscibles. By means of a Skylab demonstrat ion [6,  71, 

the  long-term s t a b i l i t y  of two dispersed immiscible l i q u i d s  p r i o r  t o  

s o l i d i f i c a t i o n  w i l l  be inves t iga ted .  

In add i t ion ,  t h e  mel t ing of a c y l i n d r i c a l  p i e c e  of i c e  a t  ambient 

temperature could be performed in  a low-gravity environment dur ing  t h e  

Skylab 3 mission [ 6 ,  71. The observed mel t ing behavior ,  which is d i f f e r -  

en t  from t h e  ground c o n t r o l  melt ing,  w i l l  be descr ibed by consider ing 

su r face  tens ion e f f e c t s  and t h e  lack of convect ive  heat  t r a n s f e r  on 

Sky lab. 



11. INVESTIGATIONS ON GALLIUM-BISMUTH IMMISCIBLE ALLOYS 

1. Sample Prepara t ion  

A d i spe r s ion  of two l i q u i d  meta ls  can be obtained by making use of 

t h e  m i s c i b i l i t y  gap occurr ing i n  s e v e r a l  m e t a l l i c  c o n s t i t u t i o n  diagrams [ a ] .  

With t h i s  technique,  t h e  a p p l i c a t i o u  of a mechanical m!.xing device  is  not  

necessary.  Samples of G a - B i ,  having a l i q u i d  m i s c i b i l i t y  gap between 262 

and 222 O C  a s  can 5e seen from t h e  phase diagram i n  Fig. 1, were processed 

dur ing  4 seconds of f r e e  f a l l  i n  t h e  MSFC drop tower [9] .  I n  t h i s  t i m e  

span, t h e  single-phase m e t a l l i c  l i q u i d  (wi th  a temperature above 262 O C )  

was cooled through t h e  l i q u i d - m i s c i b i l i t y  gay co form two l i q u i d  phases,  

and subsequently two phases were s o l i d i f i e d  i n  low-gravity by water quench- 

ing.  These samples should show no dens i ty  segrega t ion  o r  coalescence.  

Ground-control samples were processed under o therwise  i d e n t i c a l  cond i t ions  

except t h a t  t h e  samples were not  dropped i n  t h e  drop tower. A representa-  

t i v e  cool ing curve f o r  a drop tower sample (H-11) is given i r ?  Fig. 2 .  The 

consolute  and t h e  f i r s t  s o n o t e c t i c  temperature ( B i  s o l i d i f i c a t i o n )  a r e  

ind ica ted  by broken h- izonta l  i i n e s .  

The Ga-Bi samples were housed i n  rec tangu la r  tantalum c o n t a i n e r s  

(1.27 x 0.635 x 0.318 em), using meta ls  wi th  a t  l e a s t  99.999 percent p u r i t y  

and a I oncen t ra t ion  of 50 a t . %  of  each cicment. Bismuth and gal l ium were 

sepcra te ly  loaded i n t o  the  con ta ine r  under argon atmosphere and t h e  con- 

t a i n e r s  were sea led  by e l e c t r o n  beam welding. Since both  bismuth and 

3 ga l l i cm expand upon s o l i d i f i c a t i o n ,  a small  expansion volume (0.2 cm ) 



Figure 1. The phase diagram of the system bismuth-gallium [8] .  
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Figure 2 .  Cooling curve for  a drop tower sample. 
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was l e f t  in each capsule. In order  t o  exclude the  influence of one 

variable ,  the  concentration of t he  elements was not changed. De ta i l s  

of the processing procedure a r e  given by Reger and Yates [4]. 

Thin s l i c e s  with a thickness of about 1 mm, which had been cu t  

with a wire saw from the  o r ig ina l  samples, were invest igated f o r  t h e i r  

metallurgical,electrical,and superconducting propert ies  [ lo] .  These 

samples a r e  l i s t e d  with the  appropriate NASA code and preparation parame- 

ters in Table 1. 

Also included i n  t h i s  t ab l e  a r e  the  th ree  samples, 011, 012 and 013, 

which were s o l i d i f i e d  i n  cy l ind r i ca l  graphi te  containers  and thus d i f f e r  

i n  geometry and in container mater ia l  from the  other samples. These 

a l loys  were prepared during the  performance test fo r  a new cy l ind r i ca l  

heating element developed at MSFC. 

2. Microstructure 

a. Density Segregation 

Once the  samples a r e  cooled below 240 O C  i n t o  t he  two l i qu id  regions, 

gallium p a r t i c l e s  (with 38.5 at.X B i  dissolved) w i l l  p r ec ip i t a t e  according 

t o  the phase diagram of Fig. 1. Since thedecomposition of a l i qu id  phase 

into two l i qu id  phases a s  

is involved in the process, the diffusion coe f f i c i en t  (D = lo4 cm2/s) 

can be assumed t o  be su f f i c i en t ly  la rge  so t h a t  equilibrium conditions a r e  

maintained during decomposition. The dens i t i e s  of the l i qu ids  c . t  250 O C  

f o r  B i  and Ga a r e  10.07 and 6.17 g/cm3, respect ively,  which w i l l  cause the  

gallium drople ts  t o  move upwards t o  t he  surface. The ve loc i ty  of the  



TABLE 1 

Reference Data for Gallium-Bismuth Samples 

Mean Standard No. of 
NASA Gravity Cooling Rate* Av. Particle Deviation Particles i 
Code - Level ( ' g ' )  ("Clsec) Size (um) (urn> (lo6 per cm2) 

*Cooling rate determined on outside of tantalum container. The cooling 
rate inside the samples w i l l  be l e s s .  



p a r t i c l e s  is control led ( i n  t h e  absence of convective cur ren ts )  by a 

modified Stoke's equation [3] which s t a t e s  t ha t  f o r  a sphe r i ca l  p a r t i c l e  

of radius  r i n  a l i qu id  of t he  v i s cos i t y  TI, the  ve loc i ty  is given by 

where pl and p2 a r e  t he  dens i ty  of the  two l i qu ids  and 'g '  is the  

acce le ra t ion  of gravi ty .  Calculated v e l o c i t i e s  of gallium drople t s  with 

d i f f e r en t  diameters, t r ave l ing  in l i qu id  bismuth a r e  l i s t e d  i n  Table 2, 

along with t he  d i s tance  ( i n  terms of t he  p a r t i c l e  r a d i i )  t he  p a r t i c l e s  

w i l l  t r a v e l  i n  one second. 

TABLE 2 

Veloci t ies  of Ga Droplets in Liquid B i  a t  -225 " C  

Radius of Ga Droplet 
( vm) 

D r i f t  Velocity 
(mm/sec) 

Radii  Traveled 
i n  One Sec. 

For very small p a r t i c l e s  below 1 pm, t he  dr i f t -ve loc i ty  due t o  grav i ty  is 

small and may be neglected. However, a p a r t i c l e  with a rad ius  of 5 pm 

t r a v e l s  i n  one second a d i s tance  which i s  alrnady l a rge r  than i ts diame- 

t e r .  Micrographs of two samples s o l i d i f i e d  under t he  same condi t ions i n  

zero-gravity and i n  ope-gravity a r e  given i n  Fig. 3. It can be seen t h a t  

the  low-gravity s o l i d i f i c a t i o n  leads  t o  a uniform dispers ion of gallium 

p a r t i c l e s  i n  a bismuth matrix. The shape of the  gallium d rop le t s  appears 

t o  be about c i r c u l a r  and an average diameter of 2.5 urn can be given. The 





sample which was s o l i d i f i e d  i n  one-g a l s o  e x h i b i t s  a  d i spers ion  of 

gall ium i n  bismuth. Hawever, t h e  p a r t i c l e s  a r e  n o t  s p h e r i c a l  and they 

obviously become elongated by coalescence dur ing t h e  process  of dens i ty  

segregation.  

b. Photomicrographs 

Photomicrographs of a d d i t i o n a l  samples a r e  reproduced i n  Figs.  4, 5, 

and 6. The l i g h t  colored a r e a s  i n  t h e  photographs represen t  t h e  B i  matr ix ,  

and t h e  darker  c i r c u l a r  a reas  a r e  the  dispersed gal l ium p a r t i c l e s .  A s  

expected, t h e  low-gravity process ing always r e s u l t e d  i n  a  f i n e  and uniform 

d i spers ion  of G a  p a r t i c l e s  i n  t h e  B i  matrix.  The process ing parameters 

f o r  these  samples as g r a v i t y  l e v e l  dur ing s o l i d i f i c a t i o n ,  soak temperature,  

p a r t i c l e  s i te and s tandard  dev ia t ion  from average p a r t i c l e  s i z e  are l i s t e d  

i n  Table 1. 

P a r t i c l e  diameters on t h e  photomicrographs were measured wi th  t h e  

following technique: A number of s t r a i g h t  l i n e s  i n  a r b i t r a r y  d i r e c t i o n s  

were drawn on t h e  photomicrographs. From those  p a r t i c l e s ,  which were 

touched o r  crossed by a  l i n e ,  t h e  diameter was measured i n  two or thogonal  

d i rec t ions .  Measurements were made on a  l a r g e  number of p a r t i c l e s ,  ranging 

between 100 and 200. The d i s t r i b u t i o n  of p a r t i c l e  diameters f o r  two drop 

tower samples a r e  presented i n  Fig. 7. Sample L-14 shows a near ly  gauss ian 

p a r t i c l e  d i s t r i b u t i o n  wi th  an average diameter of 2.5 um. The p a r t i c l e s  

i n  t h i s  a l l o y  a r e  of very uniform appearance and t h e  sample has p r a c t i c a l l y  

no d rop le t s  above 5 Dm diameter.  This observat ion is i n  c o n t r a s t  t o  

ground-control sample 5-12 which shows a l a r g e  number of elongated p a r t i c l e s ,  

and, the re fore ,  a  second maximum i n  t h e  diameter above 5 urn becomes apparent .  
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Figure 4. The microstructure of low-gravity solidified Ga-Bi alloys. 
Photo (d) is from a ground-control (one-g) sample. The 
dark areas represent gallium particles, the light regions 
are the bismuth matrix. (a) Sample (2-4), (b)  Sample (5-6), 
( c )  Sample (9-2), (d) Ground-control sample (1-3) . 1000 X. 



. . Figure 5 .  The microstrticture of low-gravity s o l i d i f i e d  Ga-Bi a l l o y s .  
Photo (a)  is from a ground-control (one-R) sample. (a )  Ground- 
control  sample ( H - 5 ) .  (b) Sample (C-6). (c)  sample (H-11) , 

f' (d) Sample (L-I/+). Magnification 1000 X. 



F pre 6. The microstructure of low-gravity solidified Ga-BI alloys. 
(a) Sample (F-9), (b) Sample (G-10) 1000 X, (c) Sample 
0 - 1 1 ,  d Sample (0-13) 500 X. 
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Figure 7 .  Particle size distribution for low-g and one-g processed samples. 
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The average number of p a r t i c l e s  per cm2 has been computed from the  

photomicrographs which a l l  have a magnification of 1000X. The Ga par- 

t i c l e s  were counted i n  t he  t o t a l  p i c tu re  a rea  of 103 x 89 vm. The number 

of pa r t i c l e s  per cm2 is alho l i s t e d  i n  Table 1. 

For completeness, w e  a l s o  give low-magnif i c a t i on  micrographs i n  

Fig. 8 of pa r t i cu l a r  areas  of sample 011, 012, and 013. These samples 

do not f i t  very wel l  i n  t h e  above considerations because of severa l  

unusual fea tures  and it may be  possible  t ha t  t he  cy l ind r i ca l  configuration 

of the capsules has fur ther  influenced the  r e su l t i ng  microstructure.  We 

note a number of l a rge  voids which could have been f i l l e d  with gallium 

before polishing. There a r e  a l so  areas  with a ce l l - l i ke  s t r u c t u r e  showing 

d i f f e r en t  p a r t i c l e  configurations which may have resu l ted  from convective 

mater ia l  cur ren ts  p r i o r  t o  quenching. In t he  micrographs of Fig. 8, we  

a l so  r ea l i ze  banded regions which a r e  completely void of gallium particles. 

It is l i ke ly  t ha t  t he  c e l l u l a r  s t ruc tu re  represents  a pseudo-electric 

s o l i d i f i c a t i o n  pattern,experiencing a f a s t  progressing s o l i d i f i c a t i o n  

f r o n t ,  a s  was observed by Chadwick [ l l ]  i n  lead-cadmium a l loys .  This 

inhomogeneous appearance has not been observed on the  law-g s o l i d i f i e d  

samples with a rectangular  cross  sect ion,  which w i l l  be investigated so le ly  

fur ther .  
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c.  Fineness of Dispers ion 

It can be seen  from t h e  micrographs and from t h e  diameters  l i s t e d  i n  

Table 1 t h a t  t h e  law g r a v i t y  process ing l e a d s  t o  homogeneously d i spe r sed  

samples. However, t h e r e  is considerable  v a r i a t i o n  of t h e  p a r t i c l e  s i z e  f o r  

t h e  d i f f e r e n t  drop tower specimens. Since t h e  nuc lea t ion  and growth of 

gal l ium p a r t i c l e s  is a f f e c t e d  by t h e  coo l ing  r a t e ,  w e  expect  t h i s  parameter 

t o  have a major in f luence  on t h e  p a r t i c l e  s i z e .  

Some information about t h e  q u a n t i t i e s  involved can be  given by t h e  

c l a o s i c a l  t h e o r i e s  of nuc lea t ion  which were developed by Becker and 

Doring [12] and Turnbull  and F i she r  [13]. The nuc lea t ion  r a t e ,  I, i n  

l i q u i d /  l i q u i d  systems is determined by an express ion of t h e  type 

I = K exp (- [AG* + AGA]/kT) 

where AG* is t h e  work of nuc lea t ion  ( i .  e .  t n e  change i n  f r e e  energy 

necessary f o r  a nucleus  t o  form) and AGA is t h e  energy of a c t i v a t i o n  

f o r  d i f f u s i o n  a c r o s s  t h e  boundary separa r ing  t h e  phases; k is t h e  

Boltmann constant .  Thus, t h e  r a t e  is a combination of two terms having 

t h e  required change of f r e e  energy i n  connection wi th  t h e  p r o b a b i l i t y  of 

an atom d i f f u s i n g  t o  t h e  s u b c r i t i c a l  nucleus.  The farm of Eq. (3) means 

t h a t  t h e  rats of nuc lea t ion  w i l l  be  extremely s c n s i t i v e  t o  t h e  undercooling,  

AT, which determines t h e  term AG*. Undercooling of 25% below t h e  mel t ing 

temperature (absolute)  has been found f o r  t h e  nuc lea t ion  of s o l i d s  from 

l i q u i d s  [14]. A t  t h i s  amount of undercooling,  t h e  c r i t i c a l  r a d i u s  of the  

d r o p l e t s  is about pm, and t h e  nucleus wortld con ta in  apprcximately 

200 a t o m .  



In  o r d e r  t o  o b t a i n  a f i n e l y  d i spe r sed  a l l o y  by i n c r e a s i n g  t h e  nuclea- 

t i o n  r a t e ,  a high degree of supercool ing is required.  One way t o  achieve 

a l a r g e  supercool ing is by f a s t  quenching. I n  our case ,  t h e  samples a r e  

cooled r a p i d l y  through the  m i s c i b i l i t y  gap by sp ray ing  t h e  c o n t a i n e r  wi th  

water and d i f f e r e n t  cool ing ra ten  may have been obta ined.  Cooling d a t a  a r e  

a v a i l a b l e  f o r  t h e  drop tower samples, and i n  Fig.  9, we have p l o t t e d  t h e  

average p a r t i c l e  diameter of t h e  d i f f e r e n t  samples a g a i n s t  t h e  cool ing 

r a t e s .  There is a l a r g e  s c a t t e r  i n  t h e  d a t a  and no c l e a r  t r end  can be 

recognized. For s e v e r a l  samples, i t  appears an i f  t h e  p a r t i c l e  s i z e  is 

independent of  t h e  ind ica ted  cool ing r a t e .  I n  t h i s  case ,  i t  is mc,t l i k e l y  

t h a t  t h e  cool ing r a t e s ,  which werz determined wi th  a themocouple  mounted 

on t h e  o u t s i d e  of t h e  sample, do not  r ep resen t  t h e  t r u e  cool ing r a t e s  

i n s i d e  t h e  sample. Since f o r  i n s i d e  a r e a s  t h e  t r u e  cool ing r a t e  is deter-  

mined by t h e  hea t  flow through t h e  l i q u i d  a l l o y ,  t h i s  hea t  flow i s  l i m i t e d  

by t h e  conduction mechanism and should not  exceed a r a t e  of about 400 "C/sec 

f o r  t h e  epec i f i ed  geometry [51]. We, t h e r e f o r e ,  b e l i e v e  t h a t  t h e  t r u e  

coo l ing  r a t e s  i n s i d e  t h e  samples a r e  between 200 and 400 " ~ / s e c  and a r e  

not  c l e a r l y  r e l a t e d  t o  t h e  ind ica ted  coo l ing  r a t e s .  

To b e t t e r  r e so lve  t h e  in f luence  of coo i ing  r a t e  on p a r t i c l e  s i z e  i n  

low-gravity, a slow cool ing experiment wi th  a r a t e  of about one degree  per 

second would be  he lp fu l .  Such a slow cool ing r a t e ,  which cannot be rea- 

l i z e d  i n  t h e  drop tower, would be s u f f i c i e n t l y  d i s t a n t  from those  r a t e s  

a l ready  obtained t h a t  t h e  u n c e r t a i n t y  of t h e  drop tower coo l  r a t e s  would 

become i n e i g n i f i c a n t ,  However, a zero-gravity d u r a t i o n  of about 3 minutes 

is required f o r  such experiment. 



AVERAGE PARTICLE DIAMETER ( ~ m )  

Figure 9 .  The influence of the indicated c o o l - . +  rate on the average 
particle diameter of gallium. The error bars indicate the 
range of particle  ~ i z e  distribution. 



5. Resistivity Measurements 

Changes in the electrical properties of bismuth due to the presence 

of dispersed gallium can be determined by resistivity measurements. In 

the case of coarse metallic mixtures ichere the two components are mutually 

insoluble, the resistivity of the mixture is expected to be roughly the 

weighted average in tern of the volume of the two conductivities. How- 

ever, when the dimensions of the second phase come in the magnitude of the 

mean free path of the electrons, large interfacial scattering contribu- 

tions should occur, which can be determined by this nondestructive tech- 

nique. In the following, we wish to show that the electrical properties of 

these dispersed alloys are influednced by the microstructure. 

a. Measuring Techniques 

The temperature dependence of the electrical resistivity, p(T), was 

measured on thin slices of material (dimensions: 1.0 x 0.3 x 0.1 cm) with 

the conventional four-probe technique. A constant current of 10 rnA was 

passed through the sample by means of fine spring-loaded copper wires con- 

tacted to the alloy by silver conductive paint. The corresponding voltage 

drop was measured on two separate potential leads and could be recorded as 

a function of temperature. The sample temperature was measured with a 

calibrated platinum-resistance thermometer to 20K and below this tempera- 

ture with a calibrated germanium-resistance thermometer. A schematic of 

the experimental set-up is given in Fig. 10. An absolute determination of 

the resistivity for all samples is limited by the small sample geometry to 

within a%, indicated by a room temperature error bar. However, the relative 

values of p for a given curve are accurate to better than 1%. 
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Figure 10. Block diagram for resistive measurement of the transition 
temperature. 
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Figure 11. Block diagram for inductive measurement of the transition 
temperature. 



Superconducting t r a n s i t i o n  temperatures were measured by t h e  induc- 

tance technique. A schematic of t h e  experimental  set-up i s  given i n  Fig. 1.I. 

The sample i s  placed i r  : i d e  a c o i l  and t h e  temperature-dependent change i n  

inductance is measured with a br idge  c i r c u i t .  The m a t e r i a l  becoming super- 

conducting e x h i b i t s  diamagnetism (Meissner-Ochsenf e l d  Ef fec t )  and excludes 

t h e  magnetic f l u x  from its volume, thereby changing t h e  inductance of t h e  

c o i l .  I n  o rder  t o  inc rease  t h e  s e n s i t i v i t y  of t h e  system and t o  reduce 

s u s c e p t i b i l i t y  t o  no i se ,  t h e  a-c s i g n a l  is processed i n  a lock-in ampl i f i e r .  

The advantage of t h i s  method, i n  add i t ion  t o  i ts  high s e n s i t i v i t y ,  is  t h a t  

t h e  volume of t h e  superconducting phase can be  determined i n  a mul t iphase  

a l l o y  by c a l i b r a t i o n  wi th  a known superconducting volume. 

b. R e s i s t i v i t y  Curves 

The r e s u l t s  of t h e  r e s i s t i v i t y  measurements i n  t h e  temperature range 

between 4.2 and 290 K a r e  given i n  Figures  12a and 12b. Each l e t t e r  and 

number on t h e  curves r e f e r s  t o  t h e  sample whose p repara t ion  parameters a r e  

i d e n t i f i e d  i n  Table 1. For comparison, t h e  r e s i s t i v i t i e s  of pure B i  and 

pure  Ga [15] have a l s o  been included i n  Fig. 12a. The room temperature 

value  f o r  a l l  samples is  approximately t h e  same as f o r  t h e  pure B i .  An 

abso lu te  determinat ion of p f o r  a l l  samples is l imi ted  t o  w i t h i n  8 per- 

cent  by t h e  sample geomet..y, a s  indicaced by t h e  room-temperature e r r o r  

bar .  However, t h e  r e l a t i v e  values  of p f o r  a given curve a r e  a c c u r a t e  t o  

b e t t e r  than 1 percent .  What is  of i n t e r e s t  he re  is  t h a t  t h e  changes i n  

r e s i s t i v i t y  a s  a func t ion  of temperature f o r  t h e  samples a r e  q u i t e  d i f f e r e n t  

and t h a t  a peak develops i n  t h e  r e s i s t i v i t y  of some samples a t  2.bout 100 K. 
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This  unusual e l e c t r i c  behavior of t h e  drop tower s o l i d i f i e d  samples 

w i l l  be d iscussed i n  terms of t h e  r e s i s t i v i t y  i n  t h r e e  d i f f e r e n t  tempera- 

t u r e  i n t e r v a l s :  t h e  low temperature (4.2 - 30 K), h i g h  temperature 

(100 - 300 K) and in te rmedia te  temperature (30 - 100 K) region.  

a. Low Temperatur-e Range ( k . 2  - 30 K) 

For temperatures between 4 . 2  and about 30 K,  a l l  samples show t y p i c a l  

m e t a l l i c  behavior. A s e l e c t i o n  of some r e s i s t i v i t y  curves  i n  t h i s  region 

is given i n  Fig.  13. The r e s i s t i v i t y  may be expressed f o r  low temperatures  

AS t h e  sum of a temperature-independent term, po, and a  temperature-depen- 

dent term, pi(T) = CTn, a s  s t a t e d  i n  Mat thiessen 's  r u l e  [16] ,  

The r e s i d u a l  r e s i s t i v i t y ,  po a t  T  = 0, can be  a s s o c i a t e d  wi th  e l e c t r o n  

s c a t t e r i n g  from impur i t i e s ,  d e f e c t s  o r  i n t e r f a c e s  and is ,  indeed, very  

high f o r  sample (2-4), having t h e  f i n e s t  d i s p e r s i o n  of a l l  a v a i l a b l e  a l l o y s .  

We have p l o t t e d  i n  Fig. 14 t h e  r e s i d u a l  r e s i s t i v i t y ,  po, a s  a  func t ion  of 

t h e  average p a r t i c l e  diameter d >  and f i n d  t h a t  po i n c r e a s e s  very  r a p i d l y  

a s  t h e  p a r t i c l e  s i z e  becomes smal le r .  The exact  r e l a t i o n s h i p  between po 

and < d  > is  somewhat u n c e r t a i n  due t o  s c a t t e r i n g  i n  the  d a t a  caused by 

t h e  mean s tandard dev ia t ion ,  Ad. 

I f  the  r e s i d u a l  r e s i s t i v i t y  is a f f e c t e d  by t h e  s u r f a c e  a r e a  of t h e  

s c a t t e r i n g  p a r t i c l e s ,  we expect a  r e l a t i o n  i n  the  form of 

The term p,* w i l l  r ep resen t  t h e  r e s i s t i v i t y  f o r  very l a r g e  p a r i i c l e s  

(d + m) and may be chosen between 0.005 and 0.13 pRcm. For samples wi th  

p a r t i c l e  s i z e s  smal ler  than 10 Dm, t h i s  t e n  can be neglected because of 
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Figure 1 3 .  Low temperature r e s i s t i v i t y  o f  varioils (;a-Hi a l l o v s .  
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Figure 14. The dependence of the residual r e s i s t i v i t y  on the average 
p a r t i c l e  diamecer a t  T=O. The error bars indicate  the 
range of p a r t i c l e  d i s tr ibut ion .  The s o l i d  l i n e  g i v e s  an 
expected trend when considering the scat ter ing  contribu- 
t i o n  from the surface area. 



t he  dominance of p/d2. I n  Fig. 15, t h e  reduced r e s i s t i v i t y  is p lo t ted  a s  

a function of the rec iproca l  sur face  a r ea  and w e  f i nd  t h a t  t he  experimental 

da ta  can be expressed in t h e  form of Eq. 4a. Since t h e  sur face  area is 

derived from t h e  average p a r t i c l e  diameters, a co r r e l a t i on  of Fig. 14 and 

15 e x i s t s  s o  t h a t  t he  s lope i n  Fig. 14 is twice the  un i ty  slope. 

The temperature-dependent term, P i ,  f o r  a l l  samples can be expressed 

according t o  Equation (4) with n varying between 2 and 4.5. Figs. 16a 

and 16b contain t he  experimental da t a  f o r  t h e  measured samples. I n  t h i s  

log/ log graphs, where the'reduced r e s i s t i v i t y  (p - po) is p lo t ted  against  

t he  absolute temperature, t he  exponmt n can be read a s  t he  s lope  of t h e  

s t r a i g h t  pa r t  of t he  curve connecting corresponding da ta  points .  The value 

of C is obtained f o r  T = 1 K. Deviatioas from Matthiessen's r u l e  a r e  

generally observed f o r  T > 20 K. A summary of the  c h a r a c t e r i s t i c  values ,  

P,, C, and n a s  obtained from t h e  d i f f e r e n t  samples a r e  l i s t e d  i n  Table 3 

and a r e  a l s o  compared with t he  corresponding l i t e r a t u r e  da ta  f o r  t h e  pure 

elements. 

The follawing t rends i n  t he  c h a r a c t e r i s t i c  constants  can be observed 

from the  data  of Table 3 fo r  t he  immiscible a l loys :  

With increasing f ineness  of t h e  dispers ion,  t he  values f o r  p0 and 

C simultaneousl,y increase,  whereas t he  exponential  value n slowly 

decreases from its cha rac t e r ih r i c  number of 4.5. For the  f i n e s t  dispers ion 

obtained (sample 2-4). t he  exponent n is already very c lo se  t o  t he  value 

measured for  pure bismuth. Even f i n e r  dispers ions should r e s u l t  i n  a 

fu r the r  s teep  increase of p0 i n  acccrdance with Fig. 14. However, l i t t l e  

changes a r e  expected fo r  C and n which seem already t o  be sa tura ted .  

Judged from the  da ta  obtained f o r  C and n , it is apparent t h a t  t he  



RECIPROCAL SURFACE AREA [ 1 / ~ 2 ]  (pme2) 

Figure 15. The e f f ec t  of interface area on the residual res i s t iv i ty  of 
Ga-Bi a l loys  at  T = 0. p * is the res i s t iv i ty  of the sample 
for very large part i c l e s  9d - -) . 



GALLIUM-BISMUT H 

Figure 168. Logarithmic plot of the reduced r e s i s t i v i t y  as  a functicn of  
absolute tempera, + w e .  



Fieure 16b. Logarithmic plot of the reduced resistivity as a function of 
the absolute temperature. 
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sa l l ium l o s e s  i ts i d e n t i t y  i n  t h e  immiscible a l l o y s  when t h e  d i s p e r s i o n  

comes i n t o  t h e  submicron range. The d i f f e r e n t  samples i n  Table 3 

a r e  ordered according t o  inc reas ing  po. 

b. In termedia te  Temperature Range (30 - 10 K) 

2 Deviations from t h e  T behavior of t h e  e l e c t r i c a l  r e s i s t i v i t y  f o r  

pure B i  a r e  observed by s e v e r a l  au thors  above 20 K [19]. Th i s  change 

i n  n is expected because a t  temperatures above t h e  Debye-temperature, t h e  

r e s i s t i v i t y  of a metal i s  determined by t h e  mean square  amplitude of t h e  

l a t t i c e  v ib ra t ions .  This  amplitude v a r i e s  p ropor t iona l  wi th  t h e  a b s o l u t e  

temperature, and, thus ,  t h e  r e s i s t a n c e  should then change p r o p o r t i o n a l l y  wi th  

t h e  abso lu te  temperature. We do not observe t h i s  expected behavior on 

Ga-Bi a l l o y s  wi th  d i spe r s ions  of  less than 5 microns i n  diameter.  An 

exception would be t h e  ground-control sample (1-3). Ins tead ,  a peak i n  

t h e  r e s i s t i v i t y  is  developing a t  about 100 K, which i n c r e a s e s  i n  magnitude 

with t h e  degree of d i spe r s ion  (see  Fig. 12).  The value of t h e  r e s i s t i v i t y  

at  100 K is p lo t t ed  a s  a func t ion  of p a r t i c l e  diameter i n  Fig.  17. It can 

be seen t h a t  the  height  of  t h e  peak is c o r r e l a t e d  w i t h  t h e  p a r t i c l e  diameter 

and t h a t  a s t r o n g  e f f e c t  is observed only  f o r  d i s p e r s i o n s  f i n e r  than 5 um. 

However, when t h e  p a r t i c l e s  become smal le r ,  t h e  abso lu te  peak r e s i s t i v i t y  

does not  inc rease  a s  f a s t  a s  t h e  r e s i d u a l  r e s i s t i v i t y  does f o r  t h e  same 

amount of s i z e  reduct ion.  

Similar  r e s i s t i v i t y  peaks have been repor ted  by Thompson [20] f o r  

bismuth samples conta ining Pb, Sn and Ge. However, t h e s e  maxima a r e  

observed f o r  s o l i d  s o l u t i o n  type of a l l o y s  and a r e  dependent on <he con- 

c e n t r a t i o n  of t h e  second c o n s t i t u e n t .  Thomson exp la ins  t h e  r e s i s t i v i t y  

behavior i n  BI-Pb a l l o y s  by the  following mechanism: Since Pb has  fewer 



Figure 17.  The absolute height of the r e s i s t i v i t y  peak a s  a function of 
the average Ga-particle diameter a t  T = 100 K .  The error bars 
represent the mean deviat ion o f  the p a r t i c l e  diameter. 



valency e l e c t r o n s  than B i ,  t h e  replacement of an ..om of bismuth by lead 

i n  t h e  c r y s t a l  l a t t i c e  reduces t h e  number of f r e e  e l e c t r o n s  i n  t h e  upper 

B r i l l o u i n  zone. I f  s u f f i c i e n t  lead is d i s so lved ,  t h e r e  w i l l  be no e l e c t r o n s  

i n  the  upper B r i l l o u i n  zone, bu t  t h e r e  w i l l  b e  some vacant l e v e l s  (ho les )  

i n  t h e  lower zone. The r e s i s t a n c e  of such an a l l o y  behaves normally a t  

low temperatures,  i . e . ,  t h e  r e s i s t a n c e  i n c r e a s e s  wi th  t h e  temperature  

s i n c e  t h e  mean-free pa th  decreases.  But when t h e  temperature is such 

t h a t  the  thermal energy is of t h e  same o r d e r  a s  t h e  energy required t o  

r a i s e  an e l e c t r o n  t o  the  upper zone, t h e  r e s i s t a n c e  w i l l  decrease ,  s i n c e  

t h e  decrease  i n  t h e  f r e e  path w i l l  be more than o f f s e t  by t h e  inc rease  i n  

t h e  number of e l e c t r o n s  exc i t ed  and of t h e  number of h o l e s  produced. When 

t h e  number of ho les  is increased by t h e  a d d i t i o n  of more l ead ,  t h e  energy 

required t o  e x c i t e  an  e l e c t r o n  is increased,  and thus  t h e  e x c i t a t i o n  of 

t h e  e l e c t r o n s  only becomes apparent  a t  a h igher  temperature,  which is 

observed. 

Our r e s u l t s  a r e  not  expected t o  be in f luenced  by a concen t ra t ion  

v a r i a t i o n  of the  sccond c o n s t i t u e n t .  Since t h e  s o l i d  s o l u b i l i t y  of B i  

i n  Ga is l e s s  than 0.5 at.X [21]  , our a l l o y s  a r e  always s a t u r a t e d  wi th  

regard t o  t h i s  component. In a d d i t i o n ,  Thompson 1101 f i n d s  t h a t  

0.5 a t . %  Ga i n  B i  only s l i g h t l y  changes t h e  r e s i s t a n c e  curve f o r  B i  an4 

does not lead t o  a r e s i s t i v i t y  peak, l i k e  i n  Bi-Pb. H i s  r e s u l t s  on Ga-Bi 

a r e  comparable with those  obta ined on our ground-control sample (1-3). 

The r e s i s t i v i t y  peak f o -  our a l l o y s ,  which a l l  have t h e  same composition 

of 50 a t . % ,  is  caused by t h e  gal l ium phase being f i n e l y  d i spe r sed .  



Figure 18. The energy gap, as derived from resistivities, for various 
Ga-Bi a l l o y s .  p1 is a sample-dependent cons tan t .  



Figure 19. Exponential fit of the resistivity in the semiconducting 
region for sample (F-9). 
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c.  High Temperature Range (100 - 280 K) 

The s l o p e s  (dp/dT) of t h e  r e s i s t i v i t y  curves  f o r  B i ,  Ga and sample 

(1-3) i n  Fig. 12 a r e  a l l  p o s i t i v e ,  which is t y p i c a l  o f  an e l e c t r o n i c  

conductor. The coarse  d i s p e r s i o n  of t h e  ground-control sample (1-3) has  

r e s u l t e d  i n  a material wi th  e s s e n t i a l l y  t h e  same e l e c t r i c a l  c h a r a c t e r i s t i c s  

as f o r  pure B i .  However, when t h e  dimensions of  t h e  d i spe r sed  Ga p a r t i c l e s  

become small (d < 5 m), t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  B i  ma t r ix  

is changed (i .e . ,  dp/dT - 0) .  For even smaller r i i spers ions  (d < 2 m),  as 

seen i n  t h e  zero-gravi ty  samples, t h e  conduc t iv i ty  of t h e  mat r ix  has  com- 

p l e t e l y  changed s o  t h a t  dp/dT - 0 and a broad maximum occurs  a t  about 

100 K. The high temperature r e s i s t i v i t y  (T < 120 K) of t h e  f i n e l y  d i spe r sed  

samples behaves s i m i l a r  t o  an i n t r i n s i c  semiconductor. 

Indeed, t h e  r e s i s t a n c e  can b e  a n a l y t i c a l l y  desc r ibed  wi th  an expo- 

n e n t i a l  r e l a t i o n s h i p .  I n  t h e  temperature i n t e r v a l  between 120 and 300 K, 

t h e  r e s i s t i v i t y  changes a s  

where P1 is a c h a r a c t e r i s t i c  r e s i s t i v i t y  and B is an energy gap f o r  

t h e  conduction process.  Th i s  r e l a t i o n s h i p  is a p p l i c a b l e  t o  samples wi th  

p a r t i c l e s  below an average diameter of 3 vm. A graph ic  r e p r e s e n t a t i o n  

of Eq. (5)  f o r  s e v e r a l  samples is  given i n  Fig. 1 8  and t h e  r e s u l t i n g  con- 

s t a n t s  a r e  l i s t e d  i n  Table 4. The q u a l i t y  of t h e  d a t a  and the  temperature- 

range of the  agreement between t h e  experimental  r e s i s t i v i t y  and t h e  expo- 

n e n t i a l  r e l a t i o n s h i p  a r e  demonstrated i n  Fig. 19 f o r  sample F-9. 



TABLE 4 

Constants f o r  t h e  Semiconducting Range of G a - B i  Alloys 

Sample Diam. (pm) d-Ad (um) P I  (~12cm) ~ / k  ( K - ~ )  B eV) 

G 1 0  2 . 3  1.6 164.7 6 .1  0.53 

It can be seen from Fig. 19 t h a t  the  exper imenta l  d a t a  fo l low an expo- 

n e n t i a l  r e l a t i o n  over a temperature i n t e r v a l  of about 100 K. Devia t ions  

occur f o r  h igh temperatures  (>  240 K) as w e l l  a s  low temperatures  ( c  140 K). 

A small energy gap, which inc reases  i n  magnitude wi th  decreas ing p a r t i c l e  

s u e ,  develops i n  t h e  Ga-Bi a l l o y s  f o r  d i spe r s ions  below 5 pm. A s  can be  

seen from t h e  d a t a  of t h e  t h i r d  column of Table 4 ,  t h e  p a r t i c l e s  wi th  minimum 

diameter (d - Ad) c o n t r i b u t e  most t o  t h e  energy gap. The semiconducting 

behavior does not  extend t o  very low temperatures (<  100 K) where normal 

conducting behavior e x i s t s ,  a s  has  a l ready  been discussed.  

d. Room Temperature R e s i s t i v i t y  

Neglecting i n t e r f a c e  s c a t t e r i n g  e f f e c t s  a t  room temperature,  we expect  

a composite r e s i s t i v i t y  between 80.6 and 38.8 p2cm i f  a l l  t h e  Ca p a r t i c l e s  

a r e  e i t h e r  e l e c t r i c a l l y  connected i n  s e r i e s  o r  i n  p a r a l l e l .  The room tem- 

p e r a t u r e  r e s i s t i v i t y  should then a l s o  be independent of p a r t i c l e  s i z e .  We 

f i n d  t h a t  a l l  room temperature r e s i s t i v i t i e s  a r e  h igher  and l i e  between 

110 and 180 ~ Q c m .  We know, however, t h a t  t h e  mean f r e e  path  f o r  B i  



at  room temperature is excep t iona l ly  high wi th  about 7 urn [ 2 2 ] .  Therefore ,  

w e  can expect a s c a t t e r i n g  c o n t r i b u t i o n  from p a r t i c l e s  i n  t h e  m i ~ r o n ~ r a n g e .  

This  f a c t  is a l s o  revealed i n  t h e  r e s i d u a l  r e s i s t i v i t y .  

The laboratory  experiments f u r t h e r  i n d i c a t e  a jump i n  t h e  sample r e s i s -  

t ance  by 300 o r  400 % a t  30 "C, when t h e  gal l ium mel ts .  These changes i n  

r e s i s t i v i t y  a r e  not  very reproducible ,  bu t  they a r e  f a r  beyond t h e  expected 

i n c r e a s e  of about 15 % by mel t ing of t h e  gal l ium phase. There is a poss i -  

b i l i t y  t h a t  t h e  l a r g e  r e s i s t i v i t y  jumps may be caused by a phase transforma- 

t i o n  of Bi a t  room temperature.  Brigman I 2 3 1  has  measured a r e s i s t i v i t y  

decrease  of 600 % f o r  B i  when t h e  phase t ransformat ion a t  25 kbar is 

achieved (Bi I + B i  11). 

Gallium expands on s o l i d i f i c a t i o n  by 3%. Can s u f f i c i e n t  p ressure  be 

genera ted by t h e  f reez ing  of Ga p a r t i c l e s  t o  j u s t i f y  a phase t ramforma-  

t i o n  i n  s o l i d  B i  a t  an i n t e r f a c e  region? 

Assuming i n f i n i t e  s t i f f n e s s  of B i ,  t he  p ressure  genera ted by f reez ing  

of gal l ium would be  about 15  kbar.  This  p ressure  a lone  is not  s u f f i c i e n t  

t o  genera te  t h e  t ransformat ion a t  26 kbar. Some a d d i t i o n a l  p r e s s u r e  should 

be genera ted by t h e  unequal expansion c o e f f i c i e n t s  which a r e  40 r deg-l  

and 15.6 x deg-l f o r  B i  and Ga r e s p e c t i v e l y ,  a t  room temperature [ 2 4 ] .  

Although t h e  i n t e r n a l  p ressures  generated by f r e e z i n g  of Ga a r e  too  smal l ,  o 

phase t ransformat ion of B i  i n  an i n t e r f a c i a l  region cannot be  ru led  ou t .  

In  suuunary, our  r e s u l t s  show t h a t  t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  B i  

a l l o y s  a r e  d r a s t i c a l l y  changed i n  each temperature range by d i s p e r s i o n  and 

zero-gravity processing.  The f i n c r  the  d i s p e r s i o n ,  the  g r e a t e r  t h e  change 

i n  t h e  p r o p e r t i e s  of t h e  composite. An e x t r a p o l a t i o n  of  :he  r e s i s t i v i t y  



d a t a  f o r  a hypo the t i ca l  Ga-Bi a l l o y  wi th  qal l ium p a r t i c e s  ~f of 0.1 pm 

diameter w i l l  b e  g iven in Sect ion 6. 

4. Superconduct iv i ty  Measurements 

In  many i n s t a n c e s  t h e  superconducting p r o p e r t i e s  of a m a t e r i a l  can 

be used as a supplemental  means t o  analyze  i t s  cond i t ions  of s t a t e .  

Although B i  i n  its bulk  form is not  superconducting 1251 above a tempera- 

t u r e  of 0.5 K, gall ium should show a t r a n s i t i o n  t o  t h e  superconducting 

s t a t e  a t  1.09 K [ 2 6 ] .  

T r a n s i t i o n  temperature measurements have been made on t h e s e  samples 

by both  t h e  r e s i s t a n c e  and inductance technique.  Whereas, w i t h  t h e  

r e s i s t a n c e  measurement, t h e  formation of t h e  f i r s t  superconducting path of 

e l e c t r o n s  a c r o s s  t h e  sample is observed, t h e  i n d u c t i v e  technique r e v e a l s  

t h e  amount of f l u x  excluded from t h e  m a t e r i a l  a s  i t  becomes superconducting.  

a .  Inductance Measurements 

Typical  r e s u l t s  of inductance measurements, where t h e  sample is 

located i n s i d e  a cu i l  w i t h  t h e  inductance L,  a r e  shown i n  Fig. 20. There, 

t h e  r e l a t i v e  change i n  inductance AL/L, based on t h e  inductance m e a s ~ r e d  

a t  6.0 K, is p l o t t e d  a g a i n s t  temperature.  A d i s t i n c t  change i n  inductance 

(which is caused by t h e  superconduct i :~g t r a n s i t i o n )  is  observed on a l l  

samples a t  7.9 K. This s i g n a l  change i s  q u i t e  smal l ,  and us ing a c a l i b r a -  

t i o n  sample of known superconducting volume, t h e  volume f r a c t i o n  of t h e  

superconducting phase i n  t h e  Ca-Bi samples can be c a l c u l a t e d .  Some samples 

were cooled t o  4.2 K s o  t h a t  the  superconducting t r a n s i t i o n  of t h e  t an ta -  

lum capsule  (Tc = 4.39 K) could be measured and used a l s o  as a c a '  ibra-  

t i o n  volume. The r e s u l t s  of the  measured t r a n s i t i o n  temperature and t h e  

superconducting volume a r e  given i n  Table 5. 





TABLE 5 

Transi t ion Temperatures and Superconducting Volumes of Low-Gravity 

Processed and Ground-Control Ga-Bi Alloys 

Sample 

5-6 

9-2 

1- 3 

G 1 0  

H-11 

5-12 

K-13 

L-14 

B-5 

C-6 

D-2 

E-4 

F-9 

Supercond. 
0-g Dura thn  Onset of Tc Vol. (%) AL/L ( % )  

(sec) * (K) (7.9 t o  6.OK) f o r  Ta** 

* Duration of cooling from ~ 3 0 0  'C t o  ~ 2 0  "C. 

** Change of inductance caused by the  Ta-housing becoming superconducting. 



It can be seen t h a t  a l l  samples e x h i b i t  a  r a t h e r  sharp  superconduct- 

ing t r a n s i t i o n  between 7.9 and 8.0 K. However, only 0.5 t o  3 volume 

percent of t h e  m a t e r i a l  show t h i s  behavior.  The superconducting phase 

is formed i n  t h e  ground c o n t r o l  a s  w e l l  a s  i n  t h e  zero-gravi ty  processed 

samples wi th  t h e  same t r a n s i t i o n  temperature.  Annealing of  t h e  a l l o y s  

up t o  100 O C  f o r  40 minutes l e a v e s  t h e  amount of superconducting phase 

nea r ly  unchanged. 

b. R e s i s t i v i t y  Measurements 

Although p a r t  of t h e  samples becomes superconducting,  t h e  r e s i s t i v i t y  

does not  drop t o  ze ro  a t  temperatures  below 7.9 K as may be seen from 

Fig. 13. In  f a c t ,  t h e  r e s i s t a n c e  a t  t h i s  p a r t i c u l a r  temperature around 

8 K was constant  t o  wi th in  0.5 X ,  and no sudden drop could  be  observed 

wi th in  t h e  r e l a t i v e  accuracy of t h e  r e s i s t a n c e  measurements. Th i s  ind i -  

c a t e s  t h a t  t h e  superconducting phase c o n s i s t s  of i s o l a t e d  reg ions  which 

a r e  not  in terconnected.  An except ion is observed on ly  on sample G-10 

which shows t h e  beginning of  a r e s i s t i v e  t r a n s i t i o n  s t a r t i n g  a t  8.0 K. 

The r e s u l t s  of t h e  r e s i s t i v i t y  measbrements on t h i s  sample from two heat -  

ing  and cool ing cyc les  a r e  given i n  Fig. 21. The d a t a  a r e  p l o t t e d  on an 

expanded s c a l e  t o  show more c l e a r l y  the  superconducting t r a n s i t i o n ,  which 

is very broad and not  completed a t  4.2 K. In  its mic ros t ruc tu re ,  t h i s  

sample is  not any d i f f e r e n t  from t h e  o t h e r s ,  and i t  is unclear  why a 

r e s i s t i v e  t r a n s i t  ion is observed f o r  t h i s  sample only. 

The f a c t  t h a t  por t ions  of t h e  samples become superconducting a t  8 K 

cannot be a t t r i b u t e d  t o  process ing i n  zero-g, s i n ~ c  t h e  ground c o n t r o l  

sample shows t h e  same t r a n s i t i o n .  This behavior may be  a t t r i b u t e d  t o  a 

change i n  s t a t e  of s m e  of t h e  gall ium or  bismuth. Both m a t e r i a l s  a r e  
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known t o  produce phaee changes when put under s ~ f f i c i e n t l y  high p ressure  [27] 

o r  when f a b r i c a t e d  i n  t h i n  f i l m s  [28, 291. The t r a n s i t i o n  temperature can 

be  a s  high as 8.55 K f o r  B i  under a p ressure  of 90 kbar o r  8.4 K ,  r c s r r  c- 

t i v e l y ,  f o r  t h i n  f i l m  gall ium. There is a p o s s i b i l i t y  t h a t  e i t h e r  of t h e s e  

phases may be p resen t  i n  t h e  samples. However, we can s t a t e  t h a t  t h e  h igh 

temperature superconduct iv i ty  i c  a s s o c i a t e a  wi th  t h e  f a c t  t h a t  t h e  gal l ium 

e x i s t s  a s  d ispersed p a r t i c l e s  i n  t h e  a l l o y .  In  t h e l r  nondispersed s t a t e ,  

samples do n o t  show a t r a n s i t i o n  above 4.2 K. The occurrence of a super-  

conducting phase wi th  a t r a n s i t i o n  temperature of 7.9 K has  not  been 

repor ted  i n  t h e  l i t e r a t u r e  and such a phase cannot be p red ic ted  on t h e  

b a s i s  of t h e  Ga-Bi phase diagram. 

5. Ha l l  E f f e c t  Measuremcu t s  

The r e s i s t i v i t y  measurenents have r e s u l t e d  i n  non l inea r  r e s i s t i v i t y  

versus  temperature curves ,  and s e v e r a l  samples e x h i b i t  a broad maximum 

i n  t h e  r e s i s t i v i t y .  Since t h e  samples behave l i k e  semicondurtnrs over an  

in termedia te  temperature range,  Ha i l  e f f e c t  measuiements were i n i t i a t e d  

t o  ga in  more information about t h e  u r ~ s u a l  conduction behavior .  Such 

measuremeuts permit determinat ion of t h e  charge of t h e  cur: . ~ t  c a r r i e r s ,  

t h e i r  mobi l i ty  and t h e i r  concen t ra t ion  [16].  

When a couductor ( t h i n  p lane  s l a b )  is  placed i n  a magnetic f i e l d  

perpendicular  t o  t h e  d i r e c t i o n  of c u r r e n t  flow, a vo l t age  is developed 

ac ross  the  specimen i n  t h e  d i r e c t i o n  p e r p e n d i c ~ ~ l a r  t o  both the  c u r r e n t  and 

t h e  magnetic f i e l d .  This  vo l t age  is c a l l e d  the  Hal l  vo l t age ,  The s i g n  of 



the  Hall  voltage ind ica tes  the  kind of charge c a r r i e r s :  negat ive f o r  f r e e  

e lec t ron  c a r r i e r s  and pos i t ive  for  hole ca r r i e r s .  The following r e l a t i ons  

w i l l  apply: 

where J is the  current densi ty ,  B is the  magnetic f l u x  densi ty ,  e is 

the charge of the c a r r i e r ,  p, t h e i r  mobili ty,  n ,  t he  concentration of 

charge c a r r i e r s  per unit volume, EH and EL a r e  t he  Hall  and sample poten- 

t i a l .  These equations can be used t o  c-,culate t he  mobili ty and the concen- 

t r a t i on  of charge c a r r i e r s  from the  known quant i t i es .  

Observed values of the Hal l  constant fo r  s eve ra l  connnon metals a r e  

l i s t e d  in Table 6. The anomalous la rge  value fo r  B i  i n  comparison with 

Na, Cu, and Ag is interpreted by the  band theory and caused by a low con- 

centrat ion of e lec t rons  outs ide the  near ly  f i l l e d  bands. Actually, there  is  

one f r e e  electron fo r  every thousand B i  atoms [16]. 

TABLE 6 

Observed Hall  Constants f o r  Common Materials a t  Room Temperature [16] 

RH x 1011 
Metal (V-cm/A-G) 



Reversal of the  Hal l  constant from negat ive t o  pos i t ive  values,  

ind ica t ing  a t r a n s i t i o n  from negative t o  pos i t i ve  charge c a r r i e r s ,  has 

been observed for  severa l  a l loy  systems, a s  t h e  Cu-Sn and Bi-Sn system [30]. 

It is fur ther  possible  f o r  t he  Hal l  coef f ic ien t  t o  change the  s ign  a s  

a function of temperature a s  has been found on bismuth doped with 0.1 a t .% 

Sn [30]. 

Assuming the  p o s s i b i l i t y  of doping bismuth with gallium, the gallium 

would ac t  i n  t h e  a l l oy  a s  an acceptor of charges, and absorb some o r  a l l  

of t he  few f r e e  e lec t rons  from B i .  Therefore, we may expect an increase 

i n  the  ohmic res i s tance  and decrease o r  eventual r eve r sa l  of t he  Hal l  

constant fo r  f i ne ly  dispersed Ga-Bi  a l loys.  

Measurements of the Hal l  e f f e c t  on Ga-Bi a l l oys  have been made i n  

small  magnetic f i e l d s  up t o  2,000 G. The r e s u l t s  [31] obtained on four 

d i f f e r en t  samples including pure B i  a r e  l i s t e d  i n  Table 7. Compared with 

B i ,  we observe an increase i n  the  Hall  constant upon the  dispers ion of 

gallium, indicat ing an increase i n  the  number of charge ca r r i e r s .  The 

addi t iona l  negative charge c a r r i e r s  a r e  introduced by the  gallium p a r t i c l e s .  

These r e s u l t s  a l s o  show a co r r e l s t i on  of Hal l  constant with t he  p a r t i c l e  

s i ze ,  with t h e  f i n e r  dispers ions having the  smallest  increase in the  

number of charge ca r r i e r s .  A reversa l  of the  Hall constant has s o  f a r  not 

been observed and could occur for  dispers ions with p a r t i c l e  s i z e s  below 

1 um, when the  contr ibut ion of bulk gallium becomes less important. 

The temperature dependence of the  Hal l  constant can be in te rpre ted  

from the  measurements a t  room temperature and l i qu id  nitrogen. For 

sainple F-9 and G 1 0  decrease of the  Hall  constant ( t o  more negative values) 
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is observed with decreas ing temperature.  This  change is most pronounced 

f o r  sample F-9 and less f o r  G-10. This  bchavior  is caused by a r educ t ion  

of t h e  number of c a r r i e r  e l e c t r o n s  and t h e  smal l  band gap t h a t  develops 

wi th  decreas ing temperature.  Indeed, sample F-9 e x h i b i t s  a r e s i s t i v i t y  

peak, whereas t h e  maximum is considerably  lower f o r  G-10 ( s e e  Fig. 12b). 

Sample D-2 shows no r e s i s t i v i t y  peak and,accordingly,  t h e  Hall cons tan t  

i n c r e a s e s  w i t h  dec reas ing  temperature. The c o r r e l a t i o n  of t h e  r e s i s t i v i t y  

maxima with  t h e  behavior of t h e  Ha l l  cons tan t  i n d i c a t e s  t h a t  t h e  r e s i s t i v i t y  

peaks a r e  caused by a reduc t ion  i n  t h e  concen t ra t ion  of f r e e  e l e c t r o n s .  

6. Sunnnary and Outlook 

We have demonstrated t h e  in f luence  of d e n s i t y  segrega t ion  on t h e  micro- 

s t r u c t u r e  of Ga-Bi  a l l o y s  when cooled through the  m i s c i b i l i t y  gap. Bulk 

homogeneous d i spe r s ions  of gal l ium p a r t i c l e s  i n  a bismuth matr ix  could be 

obta ined by low-gravity s o l i d i f i c a t i o n  of the  a l l o y s  i n  a drop tower. The 

p a r t i c l e  s i z e s  f o r  d i f f e r e n t  samples ranged between one and twenty microns. 

A q u a n t i t a t i v e  c o r r e l a t i o n  of  p a r t i c l e  s i z e  and coo l  r a t e ,  which can be  

expected from nuc lea t ion  and growth theory,  could not  be shown. However, 

t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  d i f f e r e n t  a l l o y s  could be  c o r r e l a t e d  wi th  

t h e  micros t ructure .  

Tha r e s u l t s  c l e a r l y  show t h a t  t h e  r e s i s t i v i t y  of the  f i n e l y  d i spe r sed  

low-g samples is q u i t e  d i f f e r e n t  from t h e  behavior  of t h e  pure c o n s t i t u e n t s  

and s t r o n g l y  depends on t h e  degree of t h e  gal l ium d i spe rs io r r .  This  is 

e s p e c i a l l y  t r u e  f o r  a l l o y s  wi th  Ga p a r t i c l e s  of 5 u m  diameter and l e s s  

where t h e  b a s i c  p r o p e r t i e s  of bismuth a r e  modified and the  samples e x h i b i t  

the  unusual canbinat ion of semiconducting, and normal-conducting behavior .  



As the  s i z e  of t h e  gallium p a r t i c l e s  is reduced i n  t h e  B i  matrix,  a 

maximum develops i n  the r e s i s t i v i t y  of t h e  a l l oys  a t  about 100 K caused 

by a reduction i n  the  number of f r e e  e lec t rons .  Simultaneously, t he  

r e s idua l  r e s i s t i v i t y  s teep ly  increases  proport ional ly  with the  amount of 

i n t e r f a c e  area generated. 

A t  t h i s  point,  i t  would be i n t e r e s t i ng  t o  ex t rapola te  t h e  r e s i s t i v i t y  

da ta  f o r  a hypothet ical  a l l oy  with a f i n e r  dispers ion than was a c t u a l l y  

obtained. We w i l l  now est imate  t he  proper t ies  a sample should have with 

a p a r t i c l e  s i z e  of 0.1 m, by ex t rapola t ing  the  experimental r e s u l t s  

obtained f o r  p a r t i c l e  diameters - > 0.9 urn. Figure 22a gikes  on a loga- 

r i thmic s c a l e  t h e  res idua l  r e s i s t i v i t y  a t  T = 0 and the  absolute  peak 

height a t  100 K for  d i f f e r en t  p a r t i c l e  diameters. These da ta  can be  

extrapolated t o  the  desired dispers ion s i ze .  It can be seen t h a t  t h e  s lope 

of the r e su l t i ng  two curves fo r  po and P (100K) is d i f f e r e n t  s o  t h a t  they 

in te rcep t  a t  a s i z e  of about 0.5 urn. This crossover ind ica tes  t h a t  t h e  

peak i n  r e s i s t i v i t y  w i l l  disappear f o r  a l l oys  with p a r t i c l e s  of less than 

0.5 pm diameter. A monotonically decreasing r e s i s t i v i t y  with increasing 

temperature should r e s u l t  f o r  such samples. A fu r the r  d i s t i n c t i v e  property 

of t he  a l l oys  is the  magnitude of the  energy gap. This can be determined 

from the  experimentally obtained data  fo r  d i f f e r e n t  samples which a r e  

a l s o  p lo t ted  i n  Fig. 22a. Since w e  have noticed e a r l i e r  t h a t  t he  value f o r  

t he  energy gap is r e l a t ed  t o  p a r t i c l e s  with t he  smaller diameter, t he  

range between t h e  smaller p a r t i c l e s ,  d-Ad, and the  average diameter is 

indicated. The value of t he  energy gap does not change very much f o r  the  

f i n e r  dispers ions and a value of 10'~ eV seems reasonable f o r  the  desired 

a l loy .  



PARTICLE DIAMETER (pm) 

Figure 22a. Extrapolation of the experimental data to a particle 
diameter of 0.1 pm for residual resistivity, peak 
resistivity at 100 K, and energy gap. 



Ga-Bi ALLOYS 

TEMPERATURE (K) 

Figure 22b. The extrapolated r e s i s t i v i t y  curve (dashed) fc- a Ga-Bi 
alloy with an average particle  diameter of 0 . 1  uric. The 
experimental curves (sol id)  for a l loys  w i t h  larger 
particle  diameters are a l so  included. 



Fig. 22b then shows the  expected r e s i s t i v i t y  curve f o r  an a l l oy  

with a p a r t i c l e  s i z e  of 0.1 pm i n  comparison t o  se lec ted  experimental 

curves. We r e a l i z e  the  dramatic increase of s eve ra l  orders  of magnitude 

i n  the  res idua l  r e s i s t i v i t y  with decreasing p a r t i c l e  s i z e  and the  dis-  

appearing peak. In cont ras t  t o  a pure semiconductor, the  r e s idua l  

r e s i s t i v i t y  w i l l  s t ay  f i n i t e  a t  very low temperatures. The e l e c t r i c a l  

propert ies  of such an a l l o y  would eventually resemble those of a semi- 

conducting compound GaBi which, however, does not e x i s t  i n  t he  phase 

diagram. 



111. SKYLAB 4 SCIENCE DEmlNSTRATION TV-102: IMMISCIBLE LIQUIDS* 

1. Introduct ion 

A demonstration experiment (TV102) was performed [6]  on Skylab 4 t o  

v i s ib ly  study t h e  behavior of Immiscible l i qu ids  of d i f f e r en t  d e n s i t i e s  i n  

low-gravity a s  compared t o  ear th .  The purpose of t h e  experiment was t o  

inves t iga te  the  r a t e  of coalescence of two well-characterized l i qu ids ,  

Krytox 143 AZ o i l  and water ,a f te r  t h e  l i qu ids  were f i ne ly  dispersed on board 

Skylab. It was an t ic ipa ted  t h a t ,  de sp i t e  t h e  lack of densi ty  segregation, 

a v i s i b l e  amount of separat ion of t h e  two f l u i d s  would occur by coalescence 

over a t i m e  span of 10 hour8. 

TABLE 8 

Charac te r i s t ic  Data fo r  Krytox O i l  [33] and Water a t  Room Temperature (20 OC) 

Viscosity (Cent ipoise)  

Krytox (143 AZ)t - Water 

63 1.0 

Density (g/cm3) 1.86 1.0 

Thermal Coeff ic ient  of 
Volume Expansion ("(TI) 

Surf ace Tension (dynelcm) 16.0 72 

Refractive Index 1.30 1.33 

t Krytox o i l  is a nontoxic-fluorinated o i l  with exce l len t  oxidat ive and 
thermal s t ab i l i t y , and  with a high degree of chemical iner tness ,  complete 
inflamnabili ty,  and good compatibi l i ty  with metals,  p l a s t i c s  and sea l ing  
mater ia ls .  

* Co-Investigator: D r .  L. L. Lacy, MSFC 



2. Experimental Deta i l s  

To study the  behavior of immiscible l i q u i d s  in a low-gravity environ- 

ment, t he  c l a s s i c  example [34] of o i l  and water was chosen because the  

f l u i d s  a r e  t ransparent  and a r e  wel l  characterized by the  da t a  given i n  

Table 8. Since the  two components of t h e  system a r e  considerably d i f f e r -  

ent  i n  densi ty ,  t h e  dispersion obtained on ea r th  is highly unstable  and 

w i l l  separate  completely i n  10 seconds. 

The experimental package designed f o r  t h e  Skylab 4 miss!on, as shown i n  

Figure 23, consisted of th ree  transparent p l a s t i c  vials (Oak Ridge Type 

Centrifuge Tubes, manufactured from unbreakable polycarbonate) , each con- 

ta in ing  a d i f fe ren t  f rac t ion  of o i l  and red-colored water and mounted in a 

e t a in l e s s  s t e e l  frame. Three v i a l s ,  each having a t o t a l  volume of 10 ml., 

were f i l l e d ,  respectively, with 25, 5 0 ~ a n d  75 percent volume of degassed 

Krytox 143 AZ o i l  and the  remaining volume f i l l e d  with colored degassed 

water, To prevent air from being trapped, the  v i a l s  were sealed while sub- 

merged under water ,wing  a screw cap coantaining an O-ring seal .  Vacuum tests 

were performed on ground t o  insure t h a t  t he  v i a l s  would not leak  while i n  

orb i t .  A small braas nut was included i n  each v i a l  t o  disperse t he  l i qu ids  

when t h e  v i a l s  were shaken in zero-g. To separa te  the  two f l u i d s  while in 

o r b i t ,  a 50-cm long s t r i n g  was attached t o  the  toy of t he  s t a i n l e s s  s t e e l  

frame containing t h e  v i a l s .  The s t r i n g  allowed t h e  astronaut  t o  swing the 

v i a l s  i n  a c i r c u l a r  a r c  and therby generate a cen t r i fuga l  force  of about 2-g. 

To enhance v i s i b i l i t y  and a i d  in evaluating t h e  r e s u l t s ,  a card with black 

p a r a l l e l  l i n e s  was i n s t a l l e d  behind the frame so  t h a t  t he  l i n e s  would be 

v i s i b l e  through the  l iquids.  The experiment was designed such t h a t  t he  

p a r a l l e l  l i n e s  were inv i s ib l e  f o r  a good emulsion and c l e a r l y  v i s i b l e  when 

the  l i qu ids  were separated. 



Figure 23. The experimental package of immiscible liquids, as desirne:l f-nr  
the Skylab 4 miasion. 



Black and white photographr of the apulsiona prepared on earth are  

rhawn 3a P w r e  23. It car be reen that  the dirperrionr obtained are 

h i w y  uartable d completely reparate i n  about 10 mcondr. The concert- 

t t a t ioar  of o i l  and water in the three v ia l s  are  chosen such that , in 

vial #I (from l e f t  t o  r ighth water ir the matrix, in v i a l  #2, o i l  i r  the 

matrix, and and v i a l  #3,with a volume r a t i o  of 50 percent, water is again 

the mtrix. A t  0.7 recondafter the end of the mixing action, it can be 

a- from Figure 23. that  the diapersed o i l  hae completely cleared from 

the watu mtrix in vi.1 #I and #3 becauee of the  low viscosity of the water. 

Grrvltp-induced coalercaoce of the  dispersed o i l  droplets hae already 

occurrrad. In c a n t r u t ,  v i a l  #2 does not yet show ea appreciable amount of 

density regregation becarue of the relat ively high viscosity of the o i l  

matrix. After 3 seconda, a8 reen in Figure 23b. the degree of separation by 

coalescence has propeared, whereas, af ter  15 eecondr (Figure 23c), a complete 

separation of the  two liquids L observed. An evaluation of the  high- 

speed photography revtala that the water droplets a re  cleared from the o i l  

in the rupriaingly rhort time of 0.1 t o  0.2 second, whereas, the o i l  is 

cleared from the water in about 10 seconds. The high-speed photographs a lso 

r e v u l  that an approxisrte droplet diameter of 1 m or r9urller can be 

asrumed for  tho dirpersed phase immediately a f te r  the disneraing action. 

Thir science doamatration was performed by the Skylab 4 craw (Pilot 

V. Pogue) on January 3, 1974. Mte r  rhaking the vials, tha appearance of the 

thrcee d r i o a r  war video taped over a period of 4 minutes and also sequen- 

t i a l l y  photographed ovet a period of 10 houre. Supriringly, a11 cnulsionr 

were rtable over the en t i re  time period. With an applicable rerolution of 
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a, . ~ t  2 mm fo r  t h e  p ic tures ,  no coalescence o r  d rop le t s  can be observed 

and norle of t he  background l i n e s  a r e  v i s i b l e  through t h e  l iqu ids .  P i l o t  

Pogue, however, observed [35]  a "ce l lu l a r  s t r u c t u r e  t h a t  grew coarse 

during the  elapsed 10 hours." His observation ind ica tes  t ha t  there  was 

some coalescence which cannot be resolved in the  photographs. Black and 

white reproductions of color photographs taken from t h e  video tape a r e  given 

in  Figure 24, rhowing the  appearance of t he  emulsions a f t e r  4 minutes. 

Figure 25 contains two views of t he  v i a l 3  (reproduced from 24  x 36 nnn 

s l i de s )  a f t e r  1.5 minutes and 10 hours. It should be noted t h a t  t h e  qua l i t y  

of t h e  o r ig ina l  data  is much higher than can be reproduced here.  The 

emulsions were indeed separated severa l  times by cen t r i fuga l  forces ,  with 

background l i n e s  becoming c l ea r ly  v i s i b l e  through t h e  l i qu ids  (Xg.  24b). 

The r e l a t i v e  s t a b i l i t y  of t h e  low-g and one-g emulsions was determined 

by two techniques. The f i r s t  technique consisted of determining the  volume 

f rac t ion  of separat ion of the  dispersions,  using t h e  p a r a l l e l  background l i n e s .  

A s  gravity-induced segregation separates  t he  emu2sions i n t o  c l ea r  o i l  and 

water, the background l i n e s  become v i s i b l e  in  t h e  p ic tures  and can be counted. 

The r e s u l t s  of such an ana lys i s  a r e  shown i n  Figure 26 where the  percentage of 

separation is shovn fo r  v i a l s  . I1 (water mat:ix) and 112 ( o i l  matrix) a:! a 

function of t i m e  a f t e r  mixing. As seen in  Figure 26, the  emulsions a r e  

highly unstable on ear th ,with the  25 percent o i l  mixture showing s i g n i f i -  

cant separat ion i n  only 0.1 sec,and the  75 percent o i l  emulsion, a comparable 

amount of separat ion in only 0.8 sec.  Both v i a l s  show cnwmplete separ r t ioe  

i n  2 and 10 sec. , respect ively.  The r e s u l t s  for  v i a l  # 3  (50 percent o i l )  

a r e  intermediate between v i a l s  #I  and # 2  and h3ve been omi,ted f o r  c l a r r t y .  

The horizontal  e r ro r  bars  for  t he  ground-based experiment represent the 



F i g u r e  24. Immisc ib le  l i q u i d s  on Skylab .  a) Demonstrat ion o f  the  i n c r e a s e d  
s t a b i l i t y  of the  d i s p e r s i o l  i n  low-pravi  ty Ttlis p i c t u r e  was 
taken 4 min a f t e r  mix ing  and i s  r e p r e s e n .  r ive of a l l  t h e  Skylab  
d a t a .  b) Separated l i q u i d s  by c e n t r i f u - i n c  on Skylah .  



Figure 25. Demonstration of the increased s tahi 1 i ty of oil /water disper- 
sions in low-gravity. Reprodl~c tions frn-n 24x36 mm color slides. 
The dispersions a) after 1.5 min and h) after 10 hrs. 
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uncertainty of es tablbhing the tiPa for  a given v i s ib i l i t y  of the . 

background lines. The ver t ical  error bar for the Skylab exper-t 

represents the  probable sensi t iv i ty  for  the technique. 

As shown i n  Figure 26, dispersed liquid immPiscibles are many orders 

of magnitude more stable in  low gravity than on earth. An estimate of 

the increased s t ab i l i t y  i n  low-g can be made by realizing that  the Skylab 

eaarlsioae are  less separated a f te r  10 hr (3.6 x lo4 sec) than the 25 per- 

cent o i l  mixture is a f te r  0.1 sec on earth. Thus, these resul ts  indicate 

that  such dispersed h d s c i b l e s  are a t  l eas t  a factor of 3.6 x lo5 -re 

stable on Skylab than an earth. Likewise, it can be concluded that  the  

coalescence r a t e  has been reduced on Skylab t o  3 x lo4 time8 that  on earth. 

A s  shown by the Stokes model calculation, the Skylab eaulsions are between 

one and two orders of magnitude more stable than was expected. 

The stabiq.lty of the law-g dispersions has a lso been studied by a photo- 

densitomtry technique. This technique consisted of measuring the red color 

density (aragaeta film dye) of the returned 35 mm color transparencies as  a 

function of time. The resul ts  are sham i n  Figure 27, along with the resul ts  

of similar measurements made on the white clock facq which acts a s  a ;dard. 

The relatively s m a l l  scattering of the data is probably associated with the 

film exposure and processing conditions. The resul te  of the  photodensity 

studies indicate, a s  with the previous technique, that  the low-g dispersions 

were stable during the 10 hr  of observation time!. 



4. Theoretical Considerations and Discussion 

When two l iquid  h d s c i b l e s  a r e  mixed, one of the  f l u i d s  w i l l  break 

up in to  8 4 1  spheres and be  dispersed i n  the  other component which acts 

as the matrix phase. On earth, the  dispersion is often temporary since 

differences i n  the  density of the  two f lu ids  w i l l  provide a gravity- 

dependent buoyancy force. This force w i l l  cause the  dispersed droplets  t o  

move and t o  col l ide  with other droplets  of d i f ferent  ve loci t ies  and t o  

coalesce. In t h i s  section, w e  w i l l  theore t ica l ly  study the  mvement (creaming) 

and coalescence of dropletes with a simple Stokes-model and estimate the  

minimum t i m e  for  complete density segregation a s  a function of the  pre- 

va i l ing  gravity level.  

Tn gravi ta t ional  o r  acceleration f i e l d ,  the  spherical  droplets  w i l l  move 

a f t e r  the  end of the  dispersing action, with a velocity, v, given by 

where vt is the  terminal veloci ty and ro is a cha rac te r i s t i c  t i m e  fo r  

achieving the  terminal velocity. The droplets  w i l l  move e i the r  upward o r  

downward, depending on the density of the  components. One may see from 

Eq. (7) tha t  the  terminal veloci ty is achieved i n  a very short time when t h e  

exponent becomes negligibly small ( t  >> . Using Stokes Law 1361, t he  

terminal veloci ty caa be shown t o  be proportional t o  the gravity level ,  g, 

with 

v = 2r2g(pd - pm)9qm, (2) and (8) 

where pd is the density of the  dispersed phase (which consists  of spheres 

with a radius I, and p, is the  density of t h e  matrix phase with a v iscos i ty  



of . The characterint ic  t h e  to is independen: of g and is given 

by 

For the  o i l  and water enulsions used in t h i s  Skylab experiment, it can be 

shown, with Eq. (9) and the  data of Table 8, tha t  ro is always less than 

0.4 second for  droplets  with r > 1.0 rmp. This holds fo r  both cases, 

e i the r  the water or t h e  o i l  being the  matrix. Thus, the l iquid  droplets  

whose r a d i i  are l e s s  than 1 mn can always be assumed t o  be traveling a t  

t h e i r  terminal velocity as given in Eq. (8). According t o  Eq. (8), t h e  

larger droplets i n  an emulsion w i l l  move with a higher terminal velocity 

than the  smaller droplets. This leads t o  col l i s ions  between the  droplets  

of different  diameters and t o  a subsequent coalescence. In effec t ,  the  

larger spheres w i l l  sweep out and separate the two l iquids  in an expected 

sep~xa t ion  of coalescence time rc given by 

where L is a character is t ic  length, smaller than the  length of t h e  v ia l ,  

and the prime indicates a vt corresponding t o  the  radius of the larger 

part icles.  In t h i s  model, we have assumed that  coalescence occurs during 

the time i n t e r v d  it takes for  the  larger par t ic les  t o  have traveled a 

distance of approximately the length of the v ia ls .  The calculated rc are 

dnimum tlmes needed for a complete separation of the  f lu ids  because not every 

col l i s ion w i l l  resul t  in coalescence [37]. Caf culated values of rc for  

a one-g f i e l d  are  given in Table 9 for  different  droplet r a d i i  for  the  

25 percent and 75 percent o i l  mixtures. The coalescence times for  the  SO 

percent o i l  mixture (water matrix) w i l l  be approximately the same a s  fo r  



the 25 percent o i l  e u l s i o n .  The s l i g h t  deviation is caused by di f ferent  

values of the character is t ic  length. 

TABLE 9 

Calculated ~~ Coalescence Times f o r  WaterIOil Emulsions Forraed in One-g 

Droplet Radius 
'5 

(sec) fo r  tc (sec) f o r  
(4 5% o i l  75% o i l  

It can be seen from Table 9 that  there is a diffarence of nearly two orders 

of magnitude i n  tc for  the  same par t i c l e  s ize,  depending on which f lu id  

forms the matrix. Since the estimated segregation times a re  very short fo r  

the 25 percent o i l  mixture, it w a s  necessary t o  use the  high-speed photography 

t o  study the segregation process i n  one-g. The r e s u l t s  of the  high-speed 

photography indicate tha t  the  o i l  droplets a re  cleared from the  water matrix 

(v ia l  #1) i n  0.1 t o  0.2 second and that  the water droplets are cleared 

from the o i l  matrix (v ia l  12) in about 10 seconds (see, fo r  example, Fig. 23). 

Comparing the observed segregation times with the  data i n  Table 9 indicates 

that  the mixing action generates pa r t i c l es  with an average radius of 0.3 t o  

0.4 am, which i e  consistent with d i rec t  measurements of the radius. 

Using a character is t ic  pa r t i c l e  radius of 0.4 mn, w e  can estimate the  

miniman times needed t o  observe segregation in the Skylab experiment. An 

average aoceleration level,  during the time T ~ ,  can be defined ae 



- 
E s t a t e s  of miniprun rc fo r  various g a r e  given i n  Table 10. 

Estimated Minimum Coalescence Time rc fo r  Various Acceleration Levels 
That Could be Experienced on Skylab 

- 
g(g) ~ ~ ( 2 5 %  o i l )  ~ ~ ( 7 5 %  o i l )  

log3 2.8 min 2.3 h r  

12 days 

120 days 

In Table 10, the coalescence o r  separation times estimated by a Stokes- 

model show that  r c  is very sens i t ive  t o  'g' and t o  the  matrix-forming 

f luid.  Estimate8 I381 of the prevailing 'g' on Skylab vary between 
6 

d g. Thus, a minimum coalescence time of less than 30 minutes is 

expected for  v i a l  #I and of l e s s  than 30 hours for  v i a l  12. According t o  

these calculations, a separation of the  two f lu ids  should be observed a t  

.! 
least i n  v i a l  #I and t o  a lesser degree in v i a l  #2. This, however, is  not , P. 

- .  

the  case, and, therefore, further  refinements have t o  be made t o  the  model. .4 

In conclusion, the model does predict low coalescence ra tes  in space, but these 

a r e  higher rates than a re  actually observed. To understand the  phenomenon 

of coalescence in low-g emulsions requires addit ional  s tudies [39], such as 

consideration of the  vectorial  variat ions of g, and the coalescence 

efficiency of touching droplets.  



It has been demonstrated that  s table  d i~pers ions  of tw, imaiecible 

liquids which are unstable on exrth cau be prepared in space. The amount 

of coalescence observed over the period of several hours ie smaller by a 

factor of a t  leas t  3 r log6 in low-g compared t o  one-g and could not be 

observed photographically because of l imitat  ion in resolution. Theoretical 

estimates, however, support the evidence that  the  r a t e  of coalescence i n  

small a t  the normally experienced pravlty levels (loo3 t o  loe4 g) in space. 

A slmple Stokes model for the f luid  segregation works well for the one-g 

-see, but requires further ref u&&nts, such aa the gravity dependence of 

the coaleecence rate,  for  the 10-8 case. 



I V .  SKYLAB 3 SCIENCE DEMONSTRATION TV-111: ICE MELTING* 

Introduction 

The lw-gravi ty  environment associated with Skylab has recent ly  

provided extensive experimental r e s u l t s  i n  the  a r ea  of mater i a l a  sciences 1411. 

These invest igat ions consisted mainly of studying the  returned mater ials  t h a t  

were melted and then r e so l id i f i ed  i n  low-gravity. The purpose of t h i s  

science demonstration (SD-16) was t o  v i s i b l y  study the  melting process in 

apace w i t h  t he  absence of convective heat  t r ans fe r  and compare i t  with t h e  

same procese on ear th .  The experiment w a s  made possible  by the  request of 

the Skylab 3 crew during t h e i r  mission for  addi t iona l  s c i e n t i f i c  investiga- 

t ions  [ 61. This science demonstration (421 was designed t o  simulate the  

e s s e n t i a l  aspects  of the melting process i n  low-gravity as a representat ion 

f o r  the technique of containerless  melting. The ice/water system w a s  

selected because of the  a v a i l a b i l i t y  of the  necessary mater ia l s  on board, t he  

negl ig ib le  impact on the mission, t he  ready a v a i l a b i l i t y  of a l l  s i gn i f i can t  

data,  and the  good v i s i b i l i t y  of t he  so l id / l i qu id  in t e r f ace  which represented 

a "transparent furnace". 

In t h i s  sect ion,  we w i l l  d iscuss  the heat flow i n t o  a so l id  mater ial  

which is melted by an i so t rop ic  heat source. The integrated heat input 

i n t o  such a syetem is experimentally ava i lab le  through the  image of t he  

time-dependent so l id / l iqu id  in te r face  of t h e  melting ice .  This melting 

process, both on the ground and i n  a low-gravity environment, w i l l  bt; 

analyzed i n  regard t o  the c l a s s i c a l  modes of heat t r ans fe r  by rad ia t ion ,  

conduction, and convection. It can be expected i n  low-g t h a t  t he  heat 

input i e  s t rongly affected by the reduced mode of convective hea t  t x m s f e r .  

* Co-Investigator: Dr. L. L. Lacy, MSFC 



2. Experimental Detailr 

An i c e  cyl inder  worr frozen by :'lie crew on-board Skylab 3 by receiv- 

lug ins t ruc t ion8  from the  ground. A spec i f ied  amount of water from the  

drinking water dispenser uac injected in an empty p l a s t i c  p i l l  container 

(30 m dia. and 75 mm long) which had a wooden cotton swab inser ted t o  

provide support f o r  the ice.  Astronaut Jack Lousma reported 1421 t h a t  he 

"shook the  water t o  the point where it d id  not have any bubbles t o  speak 

of i n  the s o l i d  mass." After f reezing overnight i n  t he  on-board food 

f reezer  [431, t he  i c e  and container were weighed i n  space and, from f i v e  

mass measurements, an average value of 49.4 + 0.2 g was given. After  making 

the  necessary correct ions f o r  container and cotton swab, the  mass of t he  

i c e  t o  be melted was found t o  be 39.7 - + 0.2 grams (1.40 oz). With the  

heat of fusion f o r  i c e  being 79.8 ca l lg ,  a t o t a l  of 3,170 c a l  o r  an equva- 

l e n t  of 13,250 Wsec is needed f o r  the  complete melting process. 

The ice,  contained on a cotton swab, w a s  mounted in t h e  f i e l d  of 

view of a da ta  acquis i t ion  camera s o  tha t  the cylinder could melt f r e e l y  

i n t o  a sphere of water as shown i n  Fig. 28. Also v i s i b l e  were a portable  

clock and a thermometer. The a i r  ve loc i ty  a t  the  locat ion of the experi- 

ment was measured by the  astronaut and was found t o  be negl igible .  The 

a i r  temperature a t  t h i s  locat ion was read P,Q 78 OF (25.5 OC). These back- 

ground data  a r e  summarized in  Table 11. 

The Skylab experiment was carefu l ly  duplicated i n  the  laboratory 

with regard t o  a i r  temperature, atmospheric pressure (5 ps ia )  and gas 

composition (75% 02, 25% N2).  A p a r t i a l  view of the  ground-control se tup  

i n  a b e l l  j a r  is shown i n  Fig.29. For the  ground-control experiment, t he  I 

melt-water was col lected i n  a measuring beaker. Volume readings (+ 0.1 cm3) 1 : 
were made every 5 mln, and thus an accurate  value of the  accumla t ive  heat 
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TABLE 11. SUMMARY OF DATA J3lR THE LOW-G ICE MELTING EXPERIMENT 

Primary Skylab Data 

Maas of i c e  wlth container and swab (g) 

Inner diameter of p l a s t i c  container (cm) 

Air temperature ("C) 

Air veloci ty  (cm/s) 

Total melting time (min) 

Derived Data 

Mass of i c e  (g) 

Ice cylinder:  

Volume (cm3) 

Diameter (cm) 

Length (sm) 

Surface Area (cm2) 

Density (g/cm3) 

Water sphere: 

Volume (cm3) 

Surface Area (cm2) 

Radius (cm) 



input  i n t o  the  ground-control i c e  cy l inder  was o5rained.  The f i r s t  

d e r i v a t i v e  of  t h i s  curve with respec t  t o  time g ives  the  ins tantaneous  

heat  f l w  r a t e  (Qtotal). Average values  f o r  the  l eng th  and diameter 

of  t h e  melt ing cy l inder  were obi-ained from t h e  photobraphic record.  S imi la r  

curves were generated from t h e  Skylab data .  

3. Experimental Resul ts  

a ,  e r a 1  Observations 

The mel t ing i c e  c y l i n d e r  was i n t e r m i t t e n t l y  photographed by :lie 

aa t ronau t s  22 t imes wi th  an  approximate time i a t e r v a l  of 10 min. Some 

s e l e c t e d  views a r e  given i n  Fig.  30. Although the  p i c t u r e s  a r e  s l i g h t l y  

ou t  of focus,  t h e  o b j e c t i v e s  of t h i s  i n v e s t i g a t i o n  a r e  coinp e t e l y  f u l f i l l e d  

and t h e  following d e t a i l s  can be taken from t h e  photographs: 

1. General appearance of t h e  i c e  

2. Time-dependent shape of t h e  watel- ice g lobule  

3. Time-dependent l o c a t i o n  of  t h e  water-ice i n t e r  fdce 

4. T o t a l  mel t ing t ime 

A s tudy o r  t h e  re turned f i l m  r e s u l t s  i n  some of t h e  fo l lowing obser~la-  

t ions : 

1. The t o t a l  melt ing time i n  zero-gravity f o r  t h e  s p e c i f i e d  i c e  cy l inder  

was 190 + 5 mln. This d u r a t i o n  is i n  accordance wi th  voice  t r a n s c r i p t s  from 

t h e  a s t r o n a u t s  (421 which can i e  c o r r e l a t e d  wi th  t h e  photographs. The t o t a l  

melt ing time f o r  an i d e n t i c a l  i c e  cy l inder  on e a r t h  is 130 + 2 min. 

2. The c y l i n d r i c a l  ends melt f i r s t ,  while +he dLameter of  t h e  i c e  

decreases  slowly. 

3.  The water from t h e  mel t ing ends is  dr iven  by s u r f a c e  t ens ion  onto  

t h e  c y l i n d r i c a l  su r faces .  





4. The o v e r a l l  shape goes from c y l i n d r i c a l  t o  s p h e r i c a l  w i t h  an 

intermediate  approximate e l l i p s o i d a l  shape. A s p h e r i c a l  shape of t h e  water 

i c e  globule is f i r s t  evident  a t  ha l f  of t h e  t o t a l  melt t ime when t h e  water 

completely surrounds t h e  melt ing i ce .  

b . Dimensional Analysis 

I n  order  t o  o b t a i n  t h e  temperature-dependent amount of melt -gater i n  

t h e  low-g melting needed f o r  hear flow considerat ion,  t h e  volwne of t h e  

remaining i c e  was ca lcu la ted  from t h e  dimensions obta ined from t h e  photo- 

graphs. A c y l i n d r i c a l  shape of t h e  i c e  could be reasonably taken during t h e  

whole melt ing process.  The photographic dimensions were t i e d  t o  t h e  r e a l  

dimensions of t h e  system by our knowledge t h a t  t h e  t o t a l  amount of water i n  

s p h a r i c a l  iorm was 39.7 an3. Correct ions  have been app l ied  fcr t h e  diameter 

of t h e  i c e  cy l inder  because of a d i s t o r t i o n  due t o  t h e  l e n s  e f f e c t  of t h e  

water globule and f o r  t h e  d i f f e r e n c e s  i n  s p e c i f i c  volume between water  and 

ice .  The measured length  and diameter of t h e  i c e  cy l inder  i n  zero-g, a s  a 

funct ion of melt ing time, a r e  given i n  Fig. 31. Whereas, t h e  t o t a l  melt ing 

may be  defined a s  a condi t ion e x i s t i n g  f o r  d = 0,  t h e  l eng th  approaches a 

f i n i t e  value a s  t h e  diameter apprcaches zero. The same cons idera t ions  apply 

f o r  melt ing i n  one-g. For t h e  graund c o n t r o l  case ,  t h e  dimensions of t h e  

cy l inder  a r e  a l s o  p l o t t e d  i n  Fig. 31. In comparing t h e  dimensions f o r  t h e  

low-g and one-g melting,  a l a r g e  d i f f e r e n c e  i n  l eng th  and diameter is noted. 

The length ,  i n  t h e  low-g case ,  decreases f a s t e r  wi th  t ime when compared 

with t h e  one-g condi t ions;  however, a f t e r  100 min, it reaches a F i n i t e  value  

determined by t h e  d i ~ m e t e r  of t h e  water globule.  
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Using the data  from Fig. 31, the time-dependent volume of water and 

i c e  can be calculated f o r  the  melting ice .  These volumes a r e  given i n  

Fig. 32. The volume f o r  t he  ground-control case, which was measured 

d i r ec t l y ,  is a l s o  given i n  Fig. 32. Again, t he  end of t h e  melting process 

i s  determined by the  condition dice + 0 .  The astronauts '  observation f o r  

t o t a l  melting agrees w e l l  with t he  ex t rapola t ion  obtained from t h e  experi- 

mental data.  It should be mentioned tha t  t he  change i n  volume of i c e  o r  

water with time is a smooth non-linear curve f o r  t h e  ground experiment, 

whereas, i t  is a l i n e a r  function of time f o r  t he  Skylab experiment ( t  > 70 min). 

On the  bas i s  of these  curves, the  experimental t o t a l  heat  flow i n t o  t h e  i c e  

w i l l  be derived and w i l l  be compared with t heo re t i ca l l y  expected values  of 

heat flaw f o r  both t he  law-g and one-g melting. 

4. General Heat Flow Analysis 

The t r ans fe r  of energy ( l a t e n t  heat)  a r i s i n g  from the  temperature 

difference between t h e  melting ice and i ts surroundings can be achieved 

by the  following mechanisms : 

Radiation 

Conduct ion 

Convection. 

An experimental measure f o r  t h e  time dependence of thc  t o t a l  heat  flow is 

the amount of melt water being generated. We w i l l  now theo re t i ca l l y  calcu- 

l a t e  the  individual  heat inputs  i n to  the  i c e  cyl inder  and than compare t he  

sum of the  individual  contr ibut ions with the  experimentally observed values. 

We should thus be able  t o  explain the progress of melting on ground and i n  

luw-g. To s implify the ca lcu la t ions ,  the  surface temperature of t he  melt 



water is assumed t o  be 0 OC. The impact of t h i s  s impl i f ica t ion  on the  

experimental r e s u l t s  w i l l  be discussed l a t e r .  

We w i l l ,  however, not consider minute convective cur ren ts ,  caused 

by g - j i t t e r  [44] o r  surface tens ion  driven convection [451 because t he  

obtained data  is not s ens i t i ve  enough t o  these e f f ec t s .  

a .  Heat Transfer by Radiation 

The i ce  is surrounded by a i r  a t  t h e  temperature of 25.5 O C  [461, which 

emits thermal rad ia t ion  with t he  wave-length of - 10 um. The absorp- 

t i v i t y  a of i c e  1471 fo r  t h i s  wavelength is 0 .95 ,  ind ica t ing  near ly  com- 

p l e t e  absorption of t h i s  in f ra red  black-body rad ia t ion .  The Stefan- 

Boltzmann law can be applied f o r  t h e  ca lcu la t ion  [481 of the  r ad i a t i ve  heat 

flow 6 from the  surrounding (Tg = 298.5 K) t o  t he  i ce  (Ti = 273 K) as 

where A r e f e r s  t o  t he  a rea  of the  i c e  and o is t h e  Stefan-Boltzmann 

constant with the  value of a = 5.67 x 10-l2 W cm-' The quant i ty  

oa(T; - T )  f o r  t h e  s t a t e d  temperatures y i e l d s  t he  value of 

The sur face  a r ea  of the  i c e  during melting is not constant but changes 

a s  a  function of time i n  Skplab a s  w e l l  a s  on the  ground. The a r ea  A of 

the  i c e  cyl inder  a t  the s t a r t  of t h e  melting ( t  = 0 )  can be derived as  

71.6 -a2. We have neglected t h e  contr ibut ion of the gas bubbles and the  

3 wooden swab (2  m diameter; v  = 0.2 cm ) t o  t h e  sur face  a r ea  s ince  t h e i r  

contr ibut ions tend t o  increase the sur face  a r ea  only s l i gh t ly .  After  

complete melting of the  i ce  on Skylab, a water sphere is formed with t he  

volume of 39.7 cm3, having a diameter of 4.24  cm and a  sur face  a rea  of  

2  56 .3  cm . The complete melting causes a  decrease i n  surface a r ea  of about 



22%. Evaporation losses  over the  three-hour period can be neglected 

because i t  has been shown i n  the laboratory simulation t h a t  they a r e  

l e s s  than 1.5% by volume. 

With Eq. (lZb), two heat flow r a t e s  by rad ia t ion  can now e a s i l y  be 

calculated: 

A t  t he  s t a r t  of the  melting process and, a f t e r  90 m i n  melting on Skylab 

when the  melt water f i r s t  showed a spher ica l  appearance. 

b ( t=O)  = 0.919Watt o r  0.219 c a l l s e c  

4 (3 m i n )  = 0.720 Watt o r  0.172 c a l l s e c  

The heat flow obtained for  t = O  is a l s o  the  same f o r  the  ground control  

experiment. However, t o  ca lcu la te  t he  f l ux  a t  any other  time, the  changing 

sur face  has t o  be considered. 

b. Heat Transfer by Conduction 

Energy is t ransfer red  t o  t h e  i c e  by means of heat  conduction from the  

surrounding atmosphere (being :,t 25.5 "C) .  For the  magnitude of t h i s  

quant i ty ,  the  thermal conductivity K of t he  conducting medium and the  

temperature d i f fe rence  a r e  of prime importance. Since gases a r e  general ly  

poor heat conductors, i t  is expexted tha t  t h i s  contr ibut ion w i l l  be small. 

To exact ly  ca lcu la te  t he  conductive heat flow, the d i f  f e r m t i a l  equation 

= - K grad U(r, T) (13a) 

has t o  be solved f o r  t h e  cylinder.  We w i l l  approximate the expected r e s u l t  

by ca lcu la t ing  the  heat flow in to  a sphere of i c e ,  having the  same volume 

a s  the  cylinder.  Then Eq. ( l3a)  transforms i n t o  the  simple relat ionship.  

where r l  = 2.18 cm is the  radius f o r  the equivalent i c e  sphere. Using 



the  conductivity K f o r  dry a i r  o r  oxygen [471 a s  K = 2.59 x 10'~ Watt 

cu-I deg-', then the  following approximate conductive heat  flow can be 

calculated 

{ ( t  = 0) = 0.180 Watt o r  0.042 cal /sec.  

We see  t ha t  t he  heat flow by conduction is  only one-f i f th  of the  heat 

flow by radiat ion.  After 90 min i n  low-g melting, a sphere with r l  = 2.13 cm 

is formed and then the exact heat  flow of 

6 (t=90 min) = 0.176 Watt o r  0.041 c a l l s e c  

is generated. 

c. Heat Transfer by Convection 

The con t ions fo r  na tu ra l  convection w i l l  apply s ince  t h e  a i r  

surrounding the i c e  is not  i n  a forced movement. Gravity causes t he  

heavier  cold a i r  t o  move along the outs ide ice and sets convective 

cur ren ts  i-1 motion. The grav i ty  f i e l d  is the  "pump" i n  t h i s  type of 

convection and the room temperature a i r  suppl ies  hea t  s t e a d i l y  t o  t he  

melting ice.  On ground, accumulated melt water drops off and we may 

assume i t  t o  have the  telnperature of 0 "C. Of dominant importance f o r  

the exact treatment of na tu ra l  convection a r e  the  dimensionless quan t i t i e s ,  

l i k e  Grashof , Prandt 1 and iJusselt numbers. We w i l l  not ca l cu l a t e  those 

numbers d i r e c t l y  f o r  t he  experiment but r e ly  instead on published data .  

Generally, t he  Newton Rake Equation, 

can be  applied t o  t h i s  problem where the  convective heat t r a n s f e r  

coef f ic ien t  h, which i s  a product of t he  above mentioned numbers, has t o  

be determined fo r  the s p e c i f i c  geometry. According t o  McAdams [ 4 9 ] ,  



t h e  hea t  t r a n s f e r  va lue  f o r  c y l i n d e r s  is given approximately a s  

with f. being t h e  l eng th  of t h e  cy l inder .  A va lue  o f  F = 5 .1  x 10'4 Watt 

-7/4 -5/4 
cm deg has  been used f o r  t h e  c a l c u l a t i o n s ,  [491 account ing a l s o  

f o r  a 10% o v e r a l l  c o n t r i b u t i o n  of t h e  end caps. With T2 = 25.5 "C,  t h e  

va lue  f o r  h t ?comes 7.3 x Watt cmm2 deg-' and should  be accura te  

t o  w i t h i n  5% [49]. 

The value of h can b e  put  i n  Eq.(14) t o  y i e l d :  

4 (t=O) = 1.33 Watt o r  0.321 c a l l s e c .  

The convective h e a t  inpu t  is by about 50% l a r g e r  than t h e  r a d i a t i v e  c o n t r i -  

bution.  

In o r d e r  f o r  Eq. 15 t o  be  app l i cab le ,  it is e s s e n t i a l  t h a t  laminar 

flow of air  aroul~d t h e  i c e  does e x i s t .  We have v e r i f i e d  t h e  laminar a i r  

flow wi th  l a s e r  in te r fe romet ry  of  an orthorhombic p iece  of i c e  having a n e a r l y  

rec tangu la r  c ross  s e c t i o n .  The orthorhombic s t r u c t u r e  had t o  be chosen t o  

achieve high temFerature s e n s i t i v i t y  by i n c r e a s i n g  t h e  path-length of t h e  

l i g h t  a long the  i ce .  A d e t a i l e d  d e s c r i p t i o n  of t h e  set-up is  published 

elsewhere [50 ] .  The i n t e r f e r e n c e  p a t t e r n  i n  Fig. 33" r e p r e s e n t s  i s o t t  e m s  

around t h e  i c e  wi th  one r i n g  generated fcr  every f i v e  degrees  chanqe i n  

temperature.  The temperature d i f f e r e n c e  i n  t h e  experiment was about 

21 " C .  It is a l s o  demonstrated 'i Fig. 33 t h a t  t h e  temperature g rad ien t  

sus ta ined  i n  a i r  is  very  s t eep , .  t h a t  one cent imenter  away from t h e  

v i r t i c a l  su r face  a£ t h e  i c e  room temperature cond i t ions  a r e  a l ready 

* We would l i k e  t o  thank Dr. A. Martin of Athens College and D r .  R. L. Kurtz 
of MSFC f o r  supplying us wi th  t h e  photograph. 
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Figure 33 .  Verification of laminar a i r  flow around melting i c e  in  
the ground control experiment. Temperature prof i le  made 
v i s i b l e  by laser interferometry. 



established. The in te r fe rence  pa t te rn  on the  l e f t  s ide  of t he  p ic ture  

is  p a r t i a l l y  covered by a protruding piece of i c e  and by op t i ca l  parallax. 

d. Total Heat Transfer 

Fig.34, calculated from Fig.32, contains the  time-dependent accumu- 

l a t i v e  heat inputs f o r  both the ground control  and Skylab melting. Both 

curves end when a t o t a l  of 3.17 kca l  has flowed i n t o  the i ce ,  representing 

complete melting. For the  ground-based melting, t he  t o t a l  t heo rc t i ca l  heat 

input a t  the beginning of the melting process would he 

Qtotal (t=O) = 0.582 ca l l s ec  (Theory 

This value compares with the experimentally obtained t o t a l  heat flow from 

Fig. 34 during the  f i r s t  10 min of the  ground-based melting 

Qtotal (PO) = 0.610 ca l l s ec .  (Experiment ) 

Although i t  w i l l  not be shown he;e, we have found [52 ]  thai: the t heo re t i ca l  

experimental values of the t o t a l  heat  flow agree t o  within 6% over t he  

e n t i r e  melting duration. Therefore, it can be concluded from these calcu- 

l a t i ons  tha t  fo r  t he  ground-based melting, the  t o t a l  heat flow 13 achieved 

by the following individual contributions: 

convect ion (55%) 

rad ia t ion  (38%) 

conduction ( 7%) 

These findings a re  schematically i l l u s t r a t e d  i n  Figure 35. 

An accurate record f o r  the f i r s t  10 min of melting on Skylab is not 

available.  However, very good data  of volumes a re  obtained fo r  t > 50 rnin 

up t o  the t o t a l  melting time. According t o  Fig.34, a constant heat flow 

of 0.203 ~ . l l / s e c  i n  the melting i ce  is observed for  t > 60 min. This 
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Figure 34. The accumulative heat input into melting i c e  on earth 
and on Skylab. 



a s  schemat ica l ly  i l l u s t r a t e d  i n  Fig. 35. 

The f i r s t  use fu l  d a t a  from t h e  Skylab record a r e  obtaineci 40 min i n t o  

t h e  mel t ing.  From Fig. 34, an average t o t a l  hea t  flow of 0.480 c a l l s e c  

f o r  t h i s  time span is derived.  This  value  is 0.220 c a l l s e c  h igher  than 

t h e  maximum a l l o w a l ~ l e  h e a t  input  by conduction and r a d i a t i o n  f o r  t = 0 

(0.261 c a l l s e c ) .  An explanat ion f o r  t h i s  disc~repancy c o r ~ l d  be t h a t  t h e  

handling of t h e  i c e  by t h e  a s t r o n a u t  (weighing,, mounting) caused some i c e  

a l ready  t o  melt by body hea t  before  t h e  recording s t a r t e d .  

e. Secondary Considerat  i o n s  

Cer ta in  s i m p l i f i c a t i o n s  have been app l i ed  dur ing  t h e  cours?  of tho 

computations f o r  t h e  t h e o r e t i c a l  heqt input .  The impl ica t ions  on t h e  

r e s u l t s  obta ined w i l l  be d iscussed below. 

I n  o rde r  t o  determine t h e  r a d i a t i v e  hea t  input  i.:to t h e  mel t ing i c e  

on Skylab, a s u r f a c e  termperature  of  0 "C of t h e  melt water was assinned. 

Thls a s sw~ptLon  is probably only t r u e  f o r  the  f i r s t  p a r t  of the  mel t ing 

corresponds t o  the  s t a g e  when s p h e r i c a l  symmetry is achieved. We have 

a l ready  t h e o r e t i c a l l y  der ived t h e  r a d i a t i v e  hea t  flow a t  t = 90 min t o  

be 0.172 c a l l s e c .  Adding t o  t h i s  va lue  t h e  expected conductive c o n t r i -  

bu t ion  on Skylab wi th  0.041 c a l l s e c  g ives  a s u b t o t a l  value  of 0.213 c a l l s e c .  

This amount is comparable wi th  t h e  exper imenta l ly  observed value ,  l eav ing  

no room f o r  a convective hea t  flow con t r ibu t ion .  The Skylab d a t a  f o r  

t > 60 min r u l e  ou t  t h e  ex i s t ence  of any convective h e a t  t r a n s f e r .  

Thus, i t  may b e  concluded t h a t  i n  low-g, t h e  l a t e n t  hea t  of mel t ing 

is supp l i ed  by 

r a J l a t  iorl (81%) 

conduct Ion (19%) 
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process.  A 2 O C  rise of the  s u r f a c e  temperature w i l l  a f f e c t  the  amount 

of t h e  r a d i a t i v e  heat  input by 7%. Such a  2 'C temperature d i f f e r e n t i a l  

can LC. susf ained over  a water th ickness  of between 0.6 and 2 cm, depending 

upon t h e  geometry considered.  Such a water th ickness  can only occur 

dur ing the  l a t t e r  s tage= of t h e  mel t ing  process  ( i . e . ,  t > 60 minutes) and 

even  the^, p r e f e r e n t i a l l y  only a t  the  equator .  

A negat ive  heat  input i n t o  t h e  w a t e r l l c e  system can be  caused by 

evapc.ation l o s s e s  of  t h e  melt water.  Ground-based experiments a t  1 "C 

have been performed which i n d i c a t e  t h a t  a  maximum of 1 . b  volume percent 

of t h e  water could have evaporated dur ing the  3-hour period of t h e  expcr i -  

ment. This  would account f o r  a  maximum negat ive  he& flow of 0.025 c . ~ l / >  

which is 10% of the  t o t a l  hea t  flow. Experimental d a t a  of evaporat  ioa 

l o s s e s  from a  f r e e  water s u r f a c e  .~ rd  given in  F ig .  36. I f  a  r~cga t  i , .c heat  

input is added t o  t h e  t o t a l  t h e o r e t i c a l  il.?at inpu t ,  t h e  t h e o r e t i c a l  r e s u l t s  

could come c l o s e r  t o  tile e x p e ~ i q ~ e n t a l  r e s u l t s .  

The experimental  r e s u l t s  f o r  t h e  m e l t : t ~ g  on Skylnb can be euylained 

by d i s regard ing  any convective lieat flow. llowever, a s teady a i r  3tream 

with an average ve loc i ty  of 2 . 5  cm/scc was maintained i n  t h e  wcrkshop a rea  

f o r  c i r c u l a t i o n .  The i c e  mel t ing or, Skyl-:h was - . r f #  rmed b e l ~ w  watc-r tallit $ 2 1  

i n  an a r e a  s e l e c t e d  by the  a s t r o n a u t s  f o r  minimum a i l  l o w .  'Kle a i r  v e l o c i t y  

i,:zasured was less than 9. 5 cnr/scc., t h c  l o w t ~ s ~  mt.,lninl;fr~l r ,  . ~ d   in^ clrr tilt, . ~ i  r 

flow meter. We would l i k e  t o  c rmsider  the  v o r s t  poss ib le  .ahi  . j f  ( 1 : ' ~  

with  t h i s  magcitude. Because of the  l o w  lrcnt c o n d i ~ r ~  i v i i y  of a ;r ,  ['it. 

tempel,iture g rad ien t  c l o s e  t o  t h e  s u r f a c e  i s  in t h e  clr:+t:r c ~ t  50 "c:!cm. \dc5 

a s s m e  a  convective h -a t  inpirt o f  streaming a i r  moving a long the  i t -  w i t 1 1  n 

v e l o c i t y  of 0.5 cm/sec and ;I t t i ickaess of 1 cm. Th!s worst case anii!yt;is 

i n d i c a t e s  t h a t  the  a i r  strciinl w i  11 c .:nt r ihut c .1:i encrKy of i \ ( l  tl1:111 

0.021 c a l / s e c  o r  7:: of t h c  t o t < ~ l  entAri:y rc>clt~irc,.l f o r  melt i:. 





In summary, i f  one considers a l l  secondary e f f e c t s ,  i t  is found 

t h a t  some tend t o  cancel out,  and i n  t h e  wcrst case,  t he  secondary e f f e c t s  

w i l l  not exceed 10% of t h e  t o t a l  heat input.  Thus, according t o  the  

r e s u l t s  given i n  Table 1 2 , t h e  theory and experiment agree t o  within t he  

experimental accuracy. 

TABLE 12 

COMPARISON OF THEOiTICAL AND EXPERIMENTAL HEAT 
F'LOW (CALISEC) INTO THE ICE AT t=60 M I N  

ONE-G LOW-G 

THEORY 
Radiation: 
Conduction: 
Convect ion: 

0.16 0.17 
0.04 0.04 
0.24 -- - - 

TOTAL 0.44 0.21 

EXPERIMENT 
TOTAL 0.46 0.20 

5. Conclusions and Recommendat ions 

The returned photographic da ta  from Skylab i l l u s t r a t e  t he  importance 

of sur face  tension f o r  law-g container less  melting. We have used the  

image of t h e  so l id / l i qu id  i n t e r f a c e  of a melting i c e  cyl inder  t o  deter- 

mine the  thermodynamic heat  t r ans fe r  under low-gravity conditions.  It 

can be concluded tha t  t h e  melting of i c e  on Skylab occurred without t he  

mode of convective heat  t r ans fe r .  Whereas, on earth,  t h e  convective heat  

flow is dominant, i n  low-g, the  l a t e n t  heat of melting is mostly supplied 

by black-body rad ia t ion  and, t o  only a small degree,by conduction. 

Although the  photographic images of t he  s o l i d / l i q u i d  i n t e r f ace  a r e  

s l i g h t l y  blurred by technical  e r r o r ,  the  r e su l t i ng  thermodynamic data  a r e  



accurate  enough t o  completely account f o r  a l l  t h e  modes of l a t e n t  heat  

input and t o  study the  dominant importance of sur f  ace tension i n  low-g 

melting. Since d i r e c t  observations of t h e  l i qu id / so l id  i n t e r f a c e  allows 

fo r  an accurate  determination of t he  morphological and thermodynamic 

s t a t e s  i n  l o r g  melting, it  is recomnended t h a t  addi t iona l  inves t iga t ions  

be performed using d i r e c t  observations t o  study low-g so l id i f !  :ation. 

We would l i k e  t o  express our s ince re  appreciat ion t o  t h e  crews of 

Skylab 3 and 4 who made, through t h e i r  a c t i ve  pa r t i c ipa t ion  and personal 

i n t e r e s t ,  these science demonstrations possible .  We a l s o  deeply apprec ia te  

the  never ending support of M r .  T. Bannister of Marshall Space F l igh t  

Center, M r .  J. Vellinga of t he  Martin Marietta Corporation (Denver), and 

Mr. C. Chassay of Johnson Space Center. 



V. APPRAISAL 

It has been shown with t h i s  inves t iga t ion  t h a t  a homogeneous dis- 

persion of immiscible a l loys  i n  bulk form can be prepared i n  a drop tower 

experiment. The physical  proper t ies  of the  a l l oys  obtained were cor re la ted  

with the tdicrostructure. Especial ly , the e l e c t r i c a l  p roper t ies  of Ga-Bi 

a l l oys  were shown t o  be modified by the presence of a f i n e  :rallium dis- 

persion so t h a t  a peak i n  t he  r e s i s t i v i t y  occurs. The r e s i s t i v i t y  peak 

is  associated with a reduction i n  the  c a r r i e r  concentration and causes semi- 

conducting propert ies  i n  a temperature region above 100 K. From the  experi- 

mental da t a  obtained, w e  can predict  t he  behavior of a hypothet ical  a l l oy  

with 0.1 wu p a r t i c l e  s i ze ,  which should have a small semiconducting energy 

gap of about 10 eV.  A c l e a r  cor re la t ion  of t he  cont ro l l ing  f ac to r s  f o r  the  

p a r t i c l e  s i z e  could not be revealed but it is ant ic ipa ted  t h a t  t h i s  quant i ty  

is control led by the  cooling ra te .  

The bahavior of two imniscible l iqu ids  of d i f f e r en t  dens i t i e s  w a s  

i l l u s t r a t e d  i n  a Skylab Science Demonstration. The experiment indicated 

t h a t  dispersions were s t a b l e  over a period of 10 hours and t h a t  t h e  coales- 

cence r a t e  was at l e a s t  3 x lo5 times smaller on Skylab than on ear th .  The 

recorded melting of a cy l ind r i ca l  piece of i c e  could be used t o  study the  

mode of heat t r ans fe r  f o r  containerless  melting i n  low-gravity. The con- 

vect ive heat t r ans fe r  was e s sen t i a l l y  eliminated on Skylab. Both experi- 

ments indicated t h a t  res idua l  spacecraf t  acce lera t ion  tended t o  cancel out 

ao as t o  give b e t t e r  r e s u l t s  than preaicted by f i r s t  order theory. 
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